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Abstract

There is clear evidence that malignant ventricular arrhythmias (and thus sudden cardiac death)
are genetically determined. Possibilities for prediction of the event are poor. The thesis
consists of 17 included original articles of which the applicant is author or co-author. These
articles are dealing with various aspects of genetics of sudden cardiac death pathophysiology,
they are completed with connecting commentaries.

The genetic aspects of ventricular arrhythmias were studied in patients with hereditary
arrhythmic syndromes (s. c. channelopathies) which serve as a clinical model of
arrhythmogenesis. Groups of patients with congenital long QT syndrome and
catecholaminergic polymorphic ventricular tachycardia were characterized clinically, various
aspects of clinical diagnosis were analyzed. Mutation analysis of related genes (KCNQI,
KCNH2, SCNS5A, KCNE1, KCNE2, RyR2) were performed in all these patients with
subsequent genotype-phenotype analyses.

Mutation analysis of above mentioned genes was performed also in patients with structural
heart disease — coronary artery disease. The prevalence of selected, rare coding variants in
was significantly higher in ventricular fibrillation survivors versus controls, confirming a
mechanistic role for these genes among a selected subgroup of patients.

Despite being promising, these results cannot be used in risk stratification of sudden
cardiac death. The possible SCD susceptibility alleles are likely to be as prevalent in
noncoding regions of the genome as in coding sequences. Identification of such alleles will be
a task for genome-wide association studies and the new emerging technologies developed for
mass DNA sequencing. Any future genetic screening for SCD risk stratification should
involve evaluation of large numbers of genomic variants in many pathways, each of which
may be relevant to the risk of arrhythmias.

In all the included articles the applicant was either the first author or he was the
cooperation coordinator of the involved departments and institutions. The applicant was also

the principal investigator of majority the related research grants.
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1. Uvod

N4ahla srde¢ni smrt (NSS) je klinicky i spolecensky vyznamnym jevem. Timto zptisobem
zmira napt. v USA asi 400 000 jedinct ro¢né. Etiologie, patofyziologie a rizikova stratifikace
NSS zatim nebyla uspokojivé vytfeSena (1). Cela fada tzv. sofistikovanych rizikove-
stratifikaénich metod (variabilita tepové frekvence, senzitivita baroreflexu, analyza pozdnich
komorovych potencialtl, atd.) nepfinesla zpiesnéni predikce nédhlé smrti. V ramci primarni
prevence tak zistalo sniZeni ejek¢ni frakce levé komory viceméné jedinym kritériem, na
zaklad¢ kterého jsou pacientim implantovany finan¢né nakladné kardiovertery defibrilatory.
Pfitom v 5 letech od implantace vyuzije tento pfistroj jen asi 1/3 pacientd.

V poslednich desetiletich byly publikovany vysledky nékolika geneticky zaméfenych
populacnich studii (2, 3, 4, 5). V nich provedena multivaria¢ni analyza konven¢nich
rizikovych faktora pro ischemickou chorobu srdecni (ICHS) (faktory biologické, dietetické a
faktory prostiedi) ukdzala, zZe pozitivni rodinnd anamnéza nahlé srde¢ni smrti je silnym
nezavislym rizikovym faktorem NSS pro potomstvo. Anamnéza ndhlého umrti u rodice
zvysuje 1,8-krat riziko nahlého imrti pro potomka. V ptipadé nahlého umrti obou rodict pak
relativni riziko pro potomstvo dosahuje ptekvapive vysoké hodnoty 9.,4. I kdyz vezmeme do
uvahy metodologicka uskali daného problému, podavaji tyto studie presvéd¢ivy dikaz o
familiarnim vyskytu NSS v bézné populaci (6). Pii védomi familiarné spole¢né sdilenych
vnéjsich rizikovych faktorl je zfejma existence geneticky podminénych odchylek riznych
fyziologickych procesi, které zvysuji riziko NSS.

Geneticka variabilita rizika nahlé smrti se mliZe uplatiiovat v nasledujicich oblastech 1)
procesy tvorby a propagace elektrického impulsu v myokardu, 2) procesy a faktory tvorby a
stability aterosklerotického platu, trombdzy a ischémie v koronarnim fecisti, 3) centralni i

mistni fizeni excitability myokardu a cévni motoriky.

2. Hereditarni arytmické syndromy jako model arytmické nahlé smrti

Prvni jmenovand oblast - procesy tvorby a propagace elektrického impulsu v myokardu — je
dlouholetym pfedmétem vyzkumu na nasem pracovisti. V poslednich desetiletich byla
identifikovana fada jednotlivych iontovych proudi a jejich proteinovych kanald, které se
podileji na tvorb¢€ akéniho potencidlu srde¢nich bunék. U vétSiny z nich zndme alespon gen
kodujici jejich hlavni proteinovou podjednotku. Zasadni poznatky v této oblasti byly ziskany

zejména pii vyzkumu relativné vzacnych monogenné podminénych arytmickych syndromil -



predevsim syndromu dlouhého QT intervalu (LQTS), Brugada syndromu a katecholaminergni
polymorfni komorové tachykardie (CPVT). Ty jsou ve vétsing piipadi zplisobeny mutaci
genu pro néktery iontovy kanal srde€nich myocytt a tak predstavuji model pro studium
procest arytmogeneze na molekularni Girovni.

V roce 1999 bylo popsano nékolik pfipadi ’forme fruste” kongenitalniho LQTS (7). V
nékterych rodinach dosahovala penetrance plného vyjadieni choroby jen 25%. Ostatni
nositelé patologickych mutaci genil pro iontové kandly v téchto rodinach ziistavali zcela
asymptomaticti, tedy neméli ani prodlouzeny QT interval. Normalni hodnota QT intervalu tak

rozhodné nevylucuje, Ze konkrétni jedinec neni nositelem potencidlné nebezpecné mutace.

2.1. Syndrom dlouhého intervalu QT

LQTS byl dlouho povaZovéan za vzacné onemocnéni. V roce 2009 vSak byla publikovana
prace Schwartze et al. (8), ktefi hodnotili EKG kfivky u témét 45 000 konsekutivnich
novorozencl v severni Italii. Pfi dodrzeni pomérné ptisnych diagnostickych kritérii zjistili

vyskyt syndromu 1:2500.

Novotny T. Syndrom dlouhého intervalu QT. Cor Vasa 2007;49(11):416-425.

(publikovana piehledova prace)



Syndrom dlouhého intervalu QT*

Tomas Novotny

Interni kardiologickd klintka, Fakultnd nemocnice Brno, Brno, Ceskit republika

Novotny T (Internt kardiologicka klintka, Fakultni nemocnice Brno, Brno, Ceska republika). Syndrom dlouhéhe interva-
lu QT. Cor Vasa 2007:49(11):415-425.

Syndrom dlouhého intervalu QT je onemocnént charaktertzované prodlouZenfm intervalu T a zvy3enym rizikem malignich
arytmif. které mohou zpisobit synkopu nebo | nahlou smrt. Typickym rysem je absence strukturdlntho cnemocnénd srdce.
Clinek shrnuje nejnovéjsl poznatky o syndromu od bufiky aZ po liZko®: patofyziologhl na molekulirnf 1 bunééné drovni,
klinickou diagnostiku a soufasné doporufené léfebné postupy. Kratee je zminén i sekundarnd syndrom dlouhého inter-
valu QT a daldf hereditdrn{ arytmické syndromy. Na zavér je uveden pfinos studia syndromu dlouhého intervalu QT pro
problém nahlé srdeéni smril v bé#né populact.

Klifova slova: Gen - lontovy kandal - Nahla srdefnf smrt - Syndrom dlouhého intervalu QT

Novotny T (Department of Internal Medicine and Cardiclogy, Brno University Hospital, Brno, Czech Republic). The long QT
syndrome. Cor Vasa 2007:49(11):416-425.

The long QT syndrome is characterized by QT interval prolongation and increased risk of malignant arrhythmias, which can
cause syncope or even sudden death. A typlcal feature 1s absence of structural cardiac disease. The article summarizes the
most recent information on the syndrome *from cell to bedside®: pathophysiology at molecular and cellular levels. clinical
diagnosis and the current recommended therapeutic approaches. The acquired long QT syndrome and other hereditary
arrhythmic syndromes are also briefly mentioned. In conclusion, the conirfbution of long QT syndrome research to the issue

of sudden cardiac death in the general population 1s emphasized.
Key words: Gene — lon channel - Sudden cardiac death - Long QT syndrome

Adresa: MUDr. Tomas Novotny, PhD, Internt kardiologicka klintka, FN Brno, Jihlavska 20, 625 00 Brno, Ceska republika,

e-mail: novotny-t@seznam.cz

uvoD

V poslednim desetileti doslo k obrovskéemu pokroku
v chipani membrinowch procest v myokardu. Byla
identifikovdna fada jednotlivich iontovych prouda
a jejich proteinovych kanala. které se podileji na tvor-
bé akéniho potencialu. U vétSiny z nich dnes zna-
me alespon gen kodujici jejich hlavni proteinovou
podjednotku. Zasadni poznatky v této oblasti byly
ziskany zejména pfi vizkumu relativné vzicnych mo-
nogenné podminénych arytmickych syndromi — pie-
deviim syndromu dlouhého intervalu QT (LQTS).
Jeho pficinou jsou ve vétdiné pfipadt mutace geni
pro néktery iontovy kanal myokardu. Tento syndrom
tak pfedstavuje pfimé spojeni mezi molekuldrni bio-
logii a klinickou kardiclogii a vytvafi molekuliarni mo-
del pro studium procest arytmogeneze.

HISTORIE

Historicky prvni zminka o LQTS je z Norska. V roce
1957 Jervell a Lange-Nielsen' popsali rodinu se Sesti
détmi. z nichZ étyfi mély prodlouzeny interval QT.

vrozenou hluchonémost a trpély recidivujicimi syn-
kopami. Tri =z takto postizenych déti zemfely nahlou
smrti [Jervelliiv a Lange-Nielsentv syndrom). Pocatkem
B0tych let pak nezdvisle na sobé Romano™ a Ward"™
popsali podobny syndrom bez vrozené hluchoty (Ro-
mantiv a Wardiav syndrom). Etiologie ziistivala dlou-
ho nejasnda. V roce 1966 Yanowitz a spol.™ prokazali,
ze interval QT mize byt prodlouzen stimulaci levého
ganglion stellatum nebo pravostrannou stellektomii
a tento poznatek byl poté wyuZit v 1écbé pacienti
s LOTS. Navic dal venik hypotéze sympatické dysha-
lance”,”™ ktera za primérni defekt povaZovala osla-
benou pravostrannou sympatickou inervaci srdce.
Zasadni prilom pro pochopeni patofyziologie LOTS
pfinesl rok 1991, kdy tym genetikt z Utahu pod ve-
denim M. T. Keatinga prokdazal vazbu LQTS na lokus
na 11. chromosomu.™ V néasledujicich letech pak by-
la prokdzana varba i na lokusy dalsich chromosomn,
v nichi byly poté identifikovany i konkrétni geny.
Dnes tedy LOTS chapeme jako spoleéné fenotypické
vyjadieni nejméné 8 geneticky odlisnych nozologic-
kych jednotek [tabulka [), jejichz prifinou jsou muta-
ce geni kodujicich jednotlivé podjednotky iontovych

*Vijzkum byl podporovdn granty IGA MZ NA 5718-5, NA 7424-3, NR/8060-3, NR/8063-3 a MSM 0021622415,

416 Movatny T. Syndrom dlouhého intervalu QT

Cor Vasa 2007:49(11):416-425



Tabulka |
Zakladn! typy LQTS ve vztahu ke geniim a jejich produktim

Typ LQTS Chromosom a lokus Gen Proteinovy produkt

Jervelliv a Lange-Nielsenav syndrom

JLN 1 11pl5.6 KCNQ1 (KVLQTI1) 0 Iye

JLN 2 21922.1-22.2 KCNE1 B ks
Romaniv a Wardiav syndrom

LaT 1 11pl5.6 KCNQ1 (KVLQTI1) 0 Iye

LaT 2 7g35-36 KCNHZ2 [HERG) o T

LaT 3 3p21-24 SCNBA ot Ina

LOT 4 402527 ANK2 ankyrin

LaT 5 21922.1-22.2 KCNE1 B gy (mink])

LaT & 21g922.1 KCNEZ2 B Iy (MIRF)

Jedino s Jervellovim a Lange-Nielsenovwm syndromem jsou homogygoll, s Romanovym a Wardovym syndromem heterogy goti

o, f — podjednotky lontovich kandli, lgs - pomalu se aktbvujic! opoZdény rekitfikujici K+ proud fize 3 akéntho potencldlu
kardiomyocytis. Iy — rychle se aktivujic opoZdény rektifikujic! K* proud Fze 3 akénfho potencialu kardiomyocytil, Iy, — rych-

Iv Na* proud faze 0. ankyrin je cytoskeletarni protein

membrinovych kanali kardiomyocyti. Tyto kanaly
hraji dilezitou roli v tvorbé a trvani akéniho poten-
cialu. V disledku jejich postizeni dochazi k rozvoji
klinického obrazu LOQTS.™

PATOFYZIOLOGIE LOTS

K pochopeni souvislosti jednotliviich geneticky odlis-
nych typil LOTS je vhodné zopakovat zakladni me-
chanismy vzniku a trvani akéniho potencidlu srdeé-
nich myocyti.

Nejdtlezitéjsimi ionty v tvorbé klidového i akéni-
ho potenciialu [AP) jsou kationty sodny (Na*), drasel-
ny (K*) a vapenaty [(Ca®*). které jsou po obou strandch
membriny rozloZeny nerovnomérné, &imz venikaji
napéfové gradienty. Na jejich udrZzeni se podili fada
aktivnich mechanismi. Tak v okamZiku klidového
potenciilu je tedy vné bunééné membriny vyrazna
prevaha Na* a Ca®, uvnitif pak prevaha K*. Po otev-
feni iontovych kanala tecou piislusné iontové proudy
ve sméru téchto gradienti.

V procesech AP jsou dileZité predevaim tzv. .napé-
fové vrathované” iontové kandly. To znamena, Ze se
oteviraji a zaviraji v zavislosti na aktudlnim napéti na
bunééné membraneé, tedy vlastné v zavislosti na pre-
sunech ionth pres membranu. Tyto kandly jsou navic
vysoce selektivini pro konkrétni iont.

Tradiéné se na AP popisuje 5 fazi: faze 0 — rych-
la depolarizace, faze 1 - éasna repolarizace, faze 2 —
.plateaun”, faze 3 - pozdni rychla repolarizace, faze
4 - klidovy membranovy potencial fobrazek 1).

Klidovy membrinovy potencial (méné nez -80 mV)
je wvytvafen predeviim ¢innosti Na*/K* pumpy, da-
le pak jsou v této fazi otevieny nékteré K* kanaly.
V okamZiku. kdy membranovy potenciil éinnosti pa-
cemakerovych center dosahne -70 mV, otevira se Na+
kanal. Vysledkem je mohutny ale velmi kratce trvaji-
ci (asi 2 ms) proud sodiku do bunky (ly). vedouci
k depolarizaci bunééné membriny, na povrchovém
EKG tomu odpovida komplex QRS. Vzapét se s riz-
nym zpozdénim oteviraji repolarizacni, pfevainé K*
kanaly. Jako prvni je to tzv. .prechodny proud ven
z bunky" — .transient outward” (lg; a lyog), visledkem
je faze 2 — rychly ale kratce trvajici pokles AP. Zaro-
vén se totiz zafina otevirat typ L Ca® kandalu (Ica).

Cor Vasa 2007-48(11):418-425

Obr.1  Povrchové EKG, akfni potenciil srdetnfho myocyiu
a nejdalefité)sl lontové proudy

ktery po néjakou dobu brani dokonéeni repolarizace
(faze 2 - plateau). Mezitim ale nabyvd na sile tzv.
opozdény rektifikujici K* proud (delayed rectifier —
DR). ktery ma v komorovych myocytech 2 slozky -
rychle se aktivujici DR (Ix] a pomalu se aktivujici DR

Nowotny T. Syndrom dlouhého intarvaly QT 47
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(Ixs). Predeva&im ty pak dokonéuji niavrat membrano-
vého potencidlu ke klidovym hodnotém. =%

Klidowvy i akéni potenciil je tedy tvoren kifehkou
rovnovahou mezi iontovymi proudy dovnitf a ven
z bunky. Poskozeni kteréhokoli z nich mnhze tuto
rovnovahu narusit a vést tak ke zméné trvani AP
Prodlouzeni AP a tim i prodlouzeni intervalu QT tedy
teoreticky mnZe byt zphsobeno jak zesilenim nebo
prodlouzenim depolarizaénich proudi (tedy [y, a Load.
tak oslabenim & zkracenim repolarizacnich proudn
(predeviim by Ik a Ik

ProdlouZeni trvéani repolarizace, tedy prodlouzeni
intervalu QT, usnadnuje vznik arvtmii na podkladé
tzv. éasnych naslednych depolarizaci — .early after
depolarizations” — kdy dochazi ke znovuotevieni de-
polarizujicich kanalt (Iy, nebo Ig) jesté pred ukonée-
nim repolarizace, tedy pred .dokonéenim® AP. Vanika
tak nepravidelny sled rychle po sobé se opakujicich
depolarizaci, které mohou na trovni celého srdce zpt-
sobit polymorifni komorovou tachykardii typu .torsa-
des de pointes”. K tomuto pfedéasnému otevieni viyse
uvedenych kanalth dochézi pfi takovém prodlouZeni
repolarizace, které éasové presihne dobu nutnou ke
zotaveni pfislugného kandlu."® Proces miize byt dale
usnadnén defekini inaktivaci téchto kanalt. Jedna
nebo i obé situace jsou pritomny u LOTS.

KLINICKY OBRAZ

Zakdadnimi symptomy LOTS jsou prodlouZeni inter-
valu T, korigovaného vzhledem k tepové frekven-
ci [QTc. nejcastéji podle Bazettovy formule QTec =
OT/RRY? s, kde QT je akiudilni délka intervalu QT
a RR je interval RR, obé hodnoty v sekundach), syn-
kopy a nahld smrt. Kombinace téchto pfiznaknh je
oznacovana jako syndrom Romantv a Warddwv. Je-li
pritomna i vrozena hluchota, pak hovorfime o syndro-

Tabulka Il
Skore pro diagnostiku LOT syndromu
(upraveno podle cltace 11)

Body

EKG nilezy
AL QTe (podle Baxetta)
=048 s
0.46-0.47 5
0.45 s u mu#d
. Torsades de polntes
. Alternans viny T
. Dvouvrcholova vina T ve 3 svodech
MNizka tepova frekvence pro danou
vékovou skupinu {u déti)

(=T R ]

=Rl

Osobni anamnéza
A. Synkopa

pil namaze

bez vazby na namahu
B. Vrozena hluchota

= b

0.5

Rodinni anamnéza
A, Jasna diagndza LQTS u pfimého pfibuzného 1
B. Nahlé amrif pfimého pribuzného pred 30. rokem 1

Hodnoceni

= 1 bod - nizka pravdépodobnost diagndey
2-3 body - stfedn! pravdépodobnost diagndey
= 4 body - vysoka pravdépodobnost diagndzy
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mech Jervellové a Lange-Nielsenové. V roce 1993 byly
k témto klasickym symptomim doplnény dalsi (ta-
bulka I). Jejich souhrn je ocznacovan nékdy téz ja-
ko .Schwartzovo skore®, které pfifazuje kazdému ze
symptomi urcitou bodovou hodnotu. Vysledny sou-
cet pak urcuje pravdépodobnost diagnozy."'! Pacient,
ktery ziska 4 a vice bodid ma vysokou pravdépodob-
nost diagnézy tohoto syndromu, jeden a méné prav-
dépodobnost nizkou.

ProdlouZeni QTe je symptom, ktery dal celému syn-
dromu jméno, a je-li pfitomen. stava se zakladem
diagnozy (obrdzek 2). Patologickou hranici predstavu-

el

Obr.2 Typicky EKG obraz syndromu dlouhého intervalu
QT - prodlouZen{ intervalu QT a patologicka dvouvrcholova
vina T [kdy druhy vrchol viny T je vy3&l neX prvni vrchol),
zdrnam s posunem 50 mm/s a volta# 20 mm/mV

je po korekcei k tepové frekvenci 460 ms (resp. 440 ms
pro muze). DialeZitym a prekvapujicim zjisténim viak
byl zachyt nosiéh patologické mutace s naprosto nor-
malni hodnotou QTe [z nichz nékteri dokonce trpéli
synkopami). Souc¢asné udaje ukazuji, Ze az 1/3 no-
siteld patologickych mutaci miiZe mit pfinejmensim
intermitentné norméilni hodnoty QTec."? Podobné
zkugenosti mame i na nagem pracovisti.""™ DuleZitou
roli hraje zfejmé i fakt. Ze ckolnosti, za kterych miize
byt patologicka hodnota zachycena, se pravdépodob-
né lisi u jednotlivych typt LOTS.

Byt je prodlouzeni intervalu QT vedouci znamkou
syndromu, neni jeho zméreni vidy jednoduché. Ne-
existuje konsenzus, ve kterém svodu vlastné interval
QT mérfit. V literatufe se stiale traduje, Ze nejdelsi
interval QT je méfen obvykle ve svodu II. Tato me-
todika byla viak jiZ pomérné déavno zpochybnéna.!'¥
Vhodnéjsi metodou je méfeni v co nejvice svodech
soucasné, napfiklad Malik navrhuje alesporn méfeni
ve svodech Il a V2.1'%

Problematické dile ¢asto byva uréeni konce viny T.
V literatufe se traduje metoda, podle které je konec
viny T uréen jako pmisedik teény proloZené nejstrméj-
i ¢asti sestupného raménka s izoelektrickou linii.!'%
Je viak zrejmé, Ze €lanek Lepeschkina a Surawicze
o této .tangencialni” metodé je mnohem c¢astéji cito-
vin nez peclivé ¢ten. Sami autofi totiz tuto metodu
doporuéuji pouze v pfipadech, kdy neni dobfe urcitel-
ny bod navratu viny T k izoelektrické linii.!'®

Kontroverzni je i metodika korekee intervalu QT
k tepové frekvenci. Korekce podle Bazetta [QTe =
QT/RR"Y?) je ufivana nejéastéji (a to i k dulefitym
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regulaénim rozhodnutim typu uréeni fyziologickych
rozmezi a k rizikové stratifikaci) a divodem je jisté
pfedeviim jednoduchost. Existuji viak cetné publika-
ce dokladujici neadelovatnost této metodiky. nebof inter-
val QT korigovany podle Bazetta je artificidlngé prodlou-
Zen pii frekvencich nad 60/min a naopak zkracen pfi
frekvencich pod 60/min."® Pomérmé neddvno bylo pro-
kazdno, ze vztah OT/RR vwkazuje vwenamnou variabi-
litu mezi jednotlivimi jedineci, zatimeo naopak v kon-
krétniho jedince zistava i s vEtS3im casovim odstupem
stabilni."? Z toho vypljva, Ze nemiiZe existovat univer-
zilni matematicky vzorec, ktery by uspokojivé popisoval
vztah QT/RR u viech jedinctl; v podstaté se da fici, Ze
kazdy subjekt ma _svou viastni® rovnici.

STANOVEN! DIAGNOZY

Pro stanoveni diagnéey LOTS je rozhodujici klinicky
obraz, tedy zastoupeni jednotlivich priznaki v ramci
Schwartzova skare. Jak jiZ bylo uvedeno vy3e, az 1/3
nosith patologickych mutaci viak nema ani prodlou-
Zeny interval OT. K potrvzeni klinicke diagnozy LOTS
jsou proto wvyuZivany mzné testy navozujici adre-
nergni stav, nebof adrenergni stimulace je viznam-
nym spoustécim faktorem arytmii. Jednou moinost
je podani izoprenalinu, vysledkem jsou ale relativmé
casto bizarni vilny T s obtiZné interpretovatelnym
koncem. Dalsi nevyhodou této metody je nutnost
parenterilni aplikace léciva. Existuje nékolik praci

Obr.3 Polymorfnd komorova tachykardie torsades de pointes®

Charakteristickou, ba pfimo patognomickou, aryt-
mii LOTS je polymorni komorova tachykardie typu
~torsades de pointes® (TdP) (obrazelk 3). Je podkladem
recidivujicich synkop, a degeneruje-li ve fibrilaci ko-
mor, je pak i pfi¢inou nahlé smrti. BohuZel, nahla
srdecni smrt nebo ob&hova zdstava je prymim pfizna-
kem u 13 % pacient s LQTS."'®

Schwartzovo skdre rozdifuje klasické diagnostické
znamky o dalsi poloizky. Jsou to jednak nékteré EKG
fenomeény:

® Tazv. _alternans viny T7, tedy zména morfologie
viny T od komplexu ke komplexu (tkaz veacny
ale vysoce patognomicky pro LOTS).

® Dvojurcholowd vina T alespon ve 3 svodech
[opét obrazek 2) — studie s holterovskim
monitorovanim nalezly dvouvrcholové viny
T u 80 % pacientil s LQTS2. Méné casto je
tento fenomén nachazen u LOQTS1 a LOTS3.
ale také byva pozorovan u 4 % zdravych
jedineth v kontrolnich skupinach.!'5-20
Fyziologicky mechanismus veniku dvouvrcholove
viny T byl objasnén experimentslnimi studiemi.
Komplexni tvar viny T vznika v diasledku
napéfovych gradientti mezi jednotlivimi
vrstvami myokardu, ®!22

® Nizka tepova frekvence vzhledem k véku
[predeviim u dét).

Dale je kladen diiraz na rodinnou anamnézu, ktera
je pozitivini az v 60 % pripadd a tedy kazdému pacien-
tovi vySetfovaného pro synkopu by méla byt poloZena
otdzka na viskyt synkop ¢ nahlé smrti v pfibuzenstvu.
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dokladujicich, Ze pfinejmendim u LQTS1 mize test
s izoprenalinem pomoci identifikovat latentni nosi-
fe mutaci, =24

Naproti tomu ergometrie navozuje adrenergni stav
piirozenou cestou a kfivky EKG ziskané moder-
nimi ergometry maji velmi dobrou kvalitu, a tak
umoziuji i tspésné hodnotit interval QT. Navic
se jedna o vySetfeni neinvazivni. Prvni prace vyuii-
vajici ergometrii v diagnostice LOTS se objevily
na pielomu milénia,”® véeiné nasi pilotni studie. 2%
Ty ukdazaly, #ze pii zatézi dochazi k dal3imu pro-
dlouZeni intervalu QT, coZ napomaha klinické dia-
gnostice LOTS. Prace Takenaky a spol. a veapéti
i nase pilotni studie ukazaly. Ze fyzicka zatéz mu-
Ze zvyraznit nebo i indukovat dvouvrcholovou
morfologii viny T,%?527 npejspige daldim zvysenim
transmurilni disperze repolarizace; nicméné tento
fenomén zatim nebyl studovan na experimentalnim
modelu LOTS. ZatéZova indukce dvouvrcholové
morfologie viny T pfiddva dalsi bod ve Schwartzové
skore a tak pfispiva viznamné ke klinické diagnos-
tice LOTS.

ULOHA MOLEKULARNI GENETIKY
V DIAGNOSTICE LQTS

Pro stanoveni diagndzy LOTS je rozhodujici klinicky
obraz. Mutaéni analyza je totiZ ¢asové naroéna a jeji
vysledky byvaji k dispozici v idedlnim pfipadé tydny
od odbéru krevnich vzorkd. Vzdy je nutne analyzovat
viechny geny v celé jejich délce. nebof ve vétsiné
vysetfenych rodin byva nalezena originalni mutace.
U témér 50 % rodin neni nalezena Zadna mutace v ge-
nech, které byly dosud asociovany s LOTS. V téchto
rodindch se predpoklada postizeni dalSich dosud
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neznamych struktur, které by se mohly na procesech
akéniho potencialu podilet.

Nalez patologické mutace hraje vyznamnou roli
v potvrzeni diagndey, zejména u oligosymptomatickych
&l asymptomatickych pfibuznych probanda. Naopak
nenalezeni mutace v dosud znamych genech vaak dia-
gndzu nevyluduje. Asociace klinického obrazu se zjis-
ténou mutaci v genu pro néktery iontovy kanil neni
vidy jednoznaénha. Jasnym prikazem je v tomto pfi-
padé pouze elektrofyziclogicka studie s mutovanym
kandlem exprimovanym v heterolognim bunééném
systému. Méné spolehliva je segregace konkrétni mu-
tace s fenotypovym vyjadfenim syndromu v dané rodi-
né. na kterou jsme odkdazani v nasich podminkach.

V Ceské republice je v souéasné dobé dostupna
mutaéni analyza zdkladniho souboru 5 gent asocio-
vanych s LOTS ve Fakultni nemocnici Brno (moino
domluvit pres autora tohoto €lanku).

LQTS NA MOLEKULARNI UROVNI

LATS typ 1 — chromosom 11pl5.5. gen KCNQ1
{drive KVLOTI), a-podjednothka [Ks

Jak jiz bylo uvedeno vyse. v roce 1991 prokazali Kea-
ting a spol. vazbu LQTS na kriatké raménkeo 11. chro-
mosomu u jedné velké rodiny v Utahu. Vlastni gen
viak dlouho odoldval pokustim o identifikaci. AZ v ro-
ce 1996 se ukazalo. Ze se jedna o mutace germ KCNQ1,
ktery kdduje do té doby neznamy K+ kandl.”® Po uréi-
tych nejasnostech bylo pak zjisténo, Ze tvoii o pod-
jednotku iontového kanalu nesouciho proud [y, a to
spoleéné s proteinem minK (B podjednotka).?9*®
Vysledkem exprese defekinich proteind je wznik
kanalt se zménénymi vlastnostmi nebo i kanalt zce-
la nefunkénich (tzv. dominatné negativni efekt muta-
ce). Dochazi tak k oslabeni visledného repolarizacni-
ho proudu ve fazi 3 AP, k prodlouZeni trvani AP a tim
i prodlouZeni intervalu QT.

LOT1 je ziejmé nejcastéjsim typem. Zahrnuje asi
50 % wvsech pacientii s LOTS, do dnesniho dne bylo
v genu KCNQ1 popsdno pres 100 riznych mutaci. ™!
Pro tento typ je charakteristickym spoustécim me-
chanismem arytmii adrenergni aktivace spojena s fy-
zickou i psychickou zaté#." Vysoké riziko arytmii
maji i nositelé mutaci genu KCNQIL, jejichi QT je
delsi nez 0.5 s — kumulativini pravdépodobnost prvni
pithody do 40 let véku je u takovych jedinetd 70%.
Zajimavé je. Ze u muEh dochari k manifestaci diive
neZ u Zen. Na druhé strané 36 % nosiéd mutaci genu
KCNQ! je asymptomatickych, tedy nemaji ani pro-
dlouzeny interval QT a riziko arytmii je u nich nizké.""®

Vroce 1997 bylo dale zjisténo, Ze postiZeni tohoto ge-
nu je podkladem nejen Romanova a Wardova syndromu
ale i syndromi Jervellova a Lange-Nielsenova. KCNQ1
je totiZ exprimovan i ve vnitfnim uchu, kde se snad po-
dili na udrfovani endolymfatické homeostazy. V pripadé,
Ze jsou postizeny obé alely genu a jedna se tedy o homo-
zygotni jedince, manifestuje se i postizeni sluchu.™

LOTS typ 2 - chromosom 7g35-g36.
gen KCNH2 (dfive HERG), o-podjednotia Iy,

Gen KCNH2 byl klonovan v roce 1994 a vzapéti byl
asociovan s LOTS ¥ Kaduje a-podjednotku Iy, | zde
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byly popsdany desitky miznych mutaci zodpovédné za
asi 30-35 % pifipadid LOTS. Kromé poruchy kinetiky
iontového kanalu zptisobuji nékteré mutace KCNH2
poruchu intraceluldrniho transportu proteini. Zna-
mena to. #e syntetizované podjednotky Iy, se viibec
nedostanou do bunééné membriny.®¥

Zajimavym fenotypickym rysem LOTSZ je wyshyt
dvouvrcholovych vin T (vice viz niZe). Spoudtécim
momentem arytmii jsou kromé adrenergnich situa-
ci také akustické podnéty (typicky zvonéni budiku
nebo telefonu).”® Rizikovi jsou opét jedinci. jejichz
QT je delsi nez 0.5 s — kumulativni pravdépodobnost
prvni pfihody do 40 let véku je u takovych jedincd
75%. Podil asymptomatickych nosiét je u LOTS2
nizai — 19 %.02

LATS typ 3 - chromosom 3p21, gen SCNBA,
a-podjednotha Iy,

Sodikovy kanal srdeénich myocyti byl klonovan v ro-
ce 1992 a jeho struktura se 1lisi od vétSiny ostatnich
napéfové vratkovanych iontovych kanali (homo- ne-
bo heterotetramery). Tyto 4 podobné motivy jsou
v piipadé Iy, obsaZeny v jediném velkém proteinu,”
takie produkt jediného genu je sam o sobé schopen
vytvofit funkéni kanal. 5 LOTS byl asociovin jiz
v roce 1995.9% Mutace genu SCNBA se nachazeji asi
u 15 % pacientti s LOTS. jejich pocet je nizsi (stejné
mutace byly identifikovany ve vice nepfibuznych ro-
dindch). Odlidny je mechanismus prodlouzeni repola-
rizace. a tim i intervalu QT: dochazi ke zvySeni a pro-
dlougeni trvani sodikového proudu do burky. ™

Odligné jsou i fenotypové projevy LOTS3: maligni
arytmie se nejéastéji vyskytuji v klidu nebo dokonce
ve spanku.®¥ Dnhlefitym stratifikafnim kritériem je
zde pohlavi: pri QT, delsim nez 0.5 s je kumulativni
pravdépodobnost prvni prihody do 40 let véku u mu-
Z0 80%, zatimco u Zen 55%. Podil asymptomatickych
nosién je u LOTS3 10%6.02

Zajimavé je, Ze mutace genu SCNBA jsou spja-
ty i s jinymi arytmickymi syndromy - Brugadovym
syndromem (idiopaticka fibrilace komor) a Lenegro-
vwwm syndromem (progresivni postizeni pfevodniho
systému).™

LOTS 4 - chromosom 4q25-q27, gen ANK 2,
cytoskeletarni protein ankyrin B

Jiz v roce 1995 prokazala vazebna analyza vztah lo-
kusu na 4. chromosomu k LOTS u jedné velké fran-
couzske rodiny.®® Az o 8 let pozdéji byl identifikovin
gen ANK2 kédujici cytoskeletarni protein ankyrin B.%9
Jak uZ napovida jeho nazev, hraje tento protein di-
lezitou roli v kotveni iontovych kanald do membrany
— konkrétné Na/K-ATPazy a Na/Ca vyménniku -
do membriany tubuli T sarkoplazmatického retikula
srdeénich myocyth. LOTS 4 se tak stal prvnim typem,
kde pficina neni pfimo v poruse iontového kanalu.
Dosud bylo v genu ANKZ2 popsdano nékolik mutaci,
jejich vztah k LQTS ale neni vidy zcela jasny. chybi
totiz funkénd studie. Rovnéz neni k dispozici dostatek
tidaji pro bli#ai charakteristiku tohoto typu LOTS. "0

LOTS typ 5 - chromosom 2122, 1-p22.2,
gen KCNEL, minK, f-podjednotha Iy,
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LOTS typ 6 — chromosom 21q22.1-p22.2,
gen KCNEZ, MiRP] - f-podjednotha Iy,

Tyto geny koduji vedlejsi podjednotky iontovych ka-
nalt, které jsou nicméné nezbytné pro jejich spra-
vnou funkei. LOTSE a LOTS6 jsou velmi vzacné,
predstavuji méné nez 5 % viech pripadi. tedy i chy-
béji 1idaje k podrobnéjsi specifikaci klinického obra-
zu. Vzhledem k postiZenym kandliim se da pred-
pokladat, Ze fenotypické projevy LOTSE odpovidaji
LOTS1. podobné LOTS6 odpovida LOQTS2.™

Andersen syndrom (LQTS typ 7).
chromosom 17q23-24.2, gen KCNJ2,
Kir 2.1 - podjednotka Iy,

Timothy syndrom (LQTS typ 8). chromosom 12pl13.3,
gen CACNAIC, a-podjednotioa .

LATS typ 9. chromosom 3p25. gen CAV3,
kaveoldarni protein kaveolin 3

Dosud trvaji diskuse, zda v¥se uvedené extrémné vzic-
né pripady (Easto s komplexni neurclogickou sympto-
matikou) zafazovat jako jeden z typ LQTS, #1-44

LECBA LQTS

V lecbe LOTS se uplatiiuji

rezimovd opatiend

betablokatory

implantabilni kardiovertery-defibrilatory (ICD)
kardiostimulace

levostranna sympatektomie

Vo=

ReZimova opatieni

Bez ohledu na genotyp je tfeba pacientim s kli-
nickim obrazem LOTS doporudit néktera reZimo-
vé opatfeni."™ Je vhodné vyvarovat se stimuli. kieré
mohou plisobit jako spoustéci faktor Zivot ohroZujici
arytmie — ndhlé hlasité zvuky (budik, telefon. zvonky).
Nejblizsi pribuzni by méli ovladat techniky laicke
resuscitace. v idealnim pfipadé by domacnost méla
byt vybavena automatickym externim defibrilatorem
[tyto pfistroje jsou v soudfasné dobé jif komeréné
dostupné]. Personal Skoly € zaméstnani by mél byt
poucen. Ze kazdeé omdleni je potencidlné velmi zavaz-
nou situaci. Zavodni sport je nevhodny, specificky je
treba zakazat skoky do vody, plavani jen v doprovodu
jiné poucené osoby.

Betablokatory

Betablokditory (BE) jsou uZivany v 1éébé LOTS jiz
od 70tych let. Cilem je potlacit adrenergni stimulaci,
ktera se u vétsiny pacientt uplatiuje jako wyvola-
vajici moment arytmii. Dvé dosud provedené studie
[pouze observacni, nikoli dvojité slepé, natoi pak pla-
cebem kontrolované, zahrnujici 139 a 271 pacienti
s geneticky potvrzenou diagnézou LOTS) ukazuji az
80% redukei synkop a obéhovych zéstav po zahajeni
lecby BB, predeviim u LOTS1 a LOTS2. Obé studie
zpochybnily ti¢innost BB u LOTS3, miiie se viak jed-
nat o chybu malych éisel (do studii bylo zahrnuto 28,
resp. 18 jedinet, s mutaci genu SCNBA). Zajimavé je,
#e BB maji jen minimalni té¢inek na délku QTc, @248
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Implantabilni kardiovertery-defibrilatory (ICD)

Implantabilni kardiovertery-defibrilatory (ICD)
jsou nejucinnéjsi prevenci ndhlé srdeéni smrti. Bez-
pochyby jsou k implantaci ICD indikovani vEichni je-
dinci. ktefi byli resuscitovani pro maligni arytmie
(bez ohledu na to. zda maji nebo nemaji strukturalni
onemocnéni srdee). Specificky u LQTS jsou pak za
jasnou indikaci povaiovany rekurentni synkopy na-
vezdory 1éébé BB.M7 Vzhledem k tomu., #e u LOTS
je €éasto nuina implantace jiz v détském véku, pak
vznikaji problémy s velikosti ICD, opakovanymi re-
implantacemi z divodu vybiti baterii (baterie i v mo-
dernich pfistrojich vydrzi asi 4 roky) a v neposledni
fadé problémy psychologického réazu. W™

Kardiostimulace

Maligni arytmie u LOTS mohou byt spustény bra-
dykardii, ktera je samozfejmé potencovana léchou BB.
Tomu mé zabranit kardiostimuldtor. Analyza soubo-
ru takto léfenych pacientt vSak ukazala 24% re-
kurenci synkop éi nahlych tmrt v priibéhu 6 let,"®
vhodnéjsi by tedy u pacienta s LOQTS a bradykardii
byla implantace dvoudutinového ICD.

Levostiranna sympatekiomie

Tento postup je v 1&ébé LOTS uZivan jiZ od 70tych
let a spociva v odstranéni dolni poloviny levostranne-
ho ganglion stellatum a dale druhého a tfetiho hrud-
niho ganglia. Analyza zhruba 150 takto lééenych pa-
cientt ukizala vyznamnou 80% redukci synkop &
umrt. "™ Dnes je levostranna sympatektomie pova-
Zovana za doplikovou lécébu pro pacienty, u kterych
nemiZzeme pouZit BB (napf. z divodu bronchialniho
astmatu) nebo ICD (napf. u velmi malych déti).""

Konkrétni lééebné postupy™™

1. Pacienti s LOTS po prvni prodélané prihodé:
je indikovano nasazeni BB. Pokud prvni
piihodou byla resuscitovana obéhova
zistava nebo je QTc deldi nez 520 ms,
pak je léébou prvni volby ICD.

2. Asymptomaticti jedinci (tzn. dosud neméli
synkopu) s jasnou klinickou diagnézou LOTS
[predeviim = v¥znamnym prodlouZenim QTc):
je indikovano nasazeni BB (pokud nejsou
kontraindikace).

3. Pacienti s LQTS a recidivujicimi synkopami
navzdory 1&¢bé LOTS: je indikovana
implantace ICD.

4. Zcela asymptomaticti nosiéi mutaci
v LOTS genech: pfinos pripadné profylakticke
lécby BE neni jasny.

Sekundérni (ziskany) LQTS

Jen velmi kratee zminim sekundarni (ziskany) LQTS.
pro podrobnéjéi informace odkazuji na velmi bohatou
literaturu. Obraz LOTS miZe u dosud zdraveho jedince
vzniknout prisobenim vnéjsich faktorm.™ ! K prodlou-
Zeni intervalu QT dochdxi nejéastéji viivem celé fady
kardiovaskularnich i nekardiovaskularnich leki (ia-
bullea [} - blokatorm fontovych kanal myokardu (nej-
castéji Iy). pf elektrolytové dysbalanci [hypokalemie,
hypomagnezemie a hypokalcemie zphsobi prodlouze-
ni repolarizace ovlivnénim vodivosti iontovych kanali),
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Tabulka Il
Léky prodluZujtct interval QT

Antiarytmika ajmalin, amiodaron, bretylium,
dofetilid. disopyramid, {butilid,
prokainamid, propafenon,

chinidin, sotalol

Amntibiotika,
chemoterapeutika,
antimykotika

amantadin, clanthromycin,
chloroquin, cotrimoxazol,
erythromycin, flukonazol.
halofantrin, itrakonazol,
ketokonazol. pentamidin, chinin,
spiramycin, sparfloxacin

Antihistaminika
Psychofarmaka

astemizol, loratadin, terfenadin

amitryptilin, clomipramin, clozapin,
chlorpromagzin, citalopram,
desipramin, doxepin. droperidol.
fluphenazin, haloperidol, imipramin,
lithdum. maprotilin, mesoridazin,
nortryptilin, pericyclin, pimozid,
prochlorperazin, quetiapin,
risperidon, sertindol. sultoprid,
thiordazin. timiperon.
trifluoperazon. Ameldin, prasidon

cisaprid. indapamid, ketanserin,
probucaol, sildenafll, vasopresin

Rizné

Tabulka IV
Faktory zvysujici rixko proarytmie

Hraniénf nebo | prodlouzeny interval QT
pfed nasazenim léku (QT. nad 450 ms)

Zenské pohlavi
Vyas! vik

Lékové interakee (blokatory lontovych kanali,
inhibitory cytochromu P450)

Hypokalemie, hypomagnezemie

Onemocnén{ srdee (nizka ejekcni frakce, hypertrofie,
kongenitalnd LQTS)

pfi lézich centrialni nervové soustavy (mechanismus je
nejasny). Plné wyjadreny sekundarni LOTS se vywviji
gpravidla az pii kombinaci nékolika rizikovych faktom
{tebudioa TV).

Prodlouzeni repolarizace pfi tezv. polékovém syn-
dromu dlouhého intervalu QT by mohlo byt zpi-
sobeno dosud latentnimi mutacemi gent pro tyto
kanaly, které se odkryji aZ v zatéioveé situaci, kterou
mize byt pravé podani rizikového léku. Dostup-
né udaje [véetné nasi malé studie) viak uvadéji, Ze
mutace gent asociovanych s LQTS se nachazeji
u 510 % osob s polékovymi TdP."2-5% Prestoie
viechny léky (kardiovaskularni i nekardiovaskular-
ni] dosud asociované s prodlouZenim intervalu QT
jsou 1iéinné blokatory Iy kandlu, nelze fenomén pro-
arytmie vysvétlit pouhym postiZenim na trovni ionto-
vych membranovych kanali. Mechanismus poléko-
vého prodlouzeni intervalu QT je komplexni, obecné
lze fici, Ze podkladem interindividualnich rozdila
v reakei na uréité lééive mohou byt polyvmorfismy
genili kodujicich jak enzymy metabolismu léciv, tak
proteiny 1céastnici se transportu lékd nebo cilové
struktury pro léky.™

4z Novotny T. Syndrom dlouhého intervaly T

Dalsi hereditarni arytmické syndromy

Specifickym rysem LOTS je strukturilné normal-
ni nilez na srdci. Absence strukturilni patologie je
typicka i pro dalsi hereditarni arytmické syndromy.,
oznacované nékdy téZ jako nemoci iontovych kanali
— kanalopatie.

Syndrom kratheho intervalu QT (SQTS)

S0TS byl popsan v roce 2000.%7 Je charakteri-
zovan familiarnim vyskytem intervalu QT kratsiho
nez 300 ms a éastym vyskytem malignich arytmii jiz
v détském véku. Dosud byly u jedincd s timto syn-
dromem nalezeny mutace geni KCNQ1. KCNH2
a KCNJ2 G580 Yysledkem je vyrazné rkriaceni repo-
larizace vedoueci ke mvySeni jeji transmuralni disperze
a tim ke zvySeni rizika malignich arytmii. Vzhledem
k malému poétu pacientth s SOTS zatim nejsou k dis-
pozici podrobnéjsi tdaje o klinickém pribéhu tohoto
OMEemOocneni.

Brugadiir syndrom

Tento syndrom. popsany bratry Brugadovymi,"™" je
charakterizovan EKG obrazem inkompletni bloka-
dy pravého raménka Tawarova ve svodech V1-3. na
ktery navaruji descendentni elevace tuseku ST pre-
chazejici v negativni vinu T. Klinicky se projevuje syn-
kopami a nahlymi tmrtimi pfedeviim u muZa mlad-
gich 50 let. Jak jiZz bylo fefeno vySe, na srdci neni
nachizena Zidna strukturalni patologie. Pomérné
casto se tento syndrom vyshkytuje v jihovychodni Asii,
v mistnich jazycich se dokonce vyskytuji jednoslowv-
né terminy oznacujici neofekdvané tmrit v noci
ve spanku (.bangungut® v Thajsku nebo .pokhur®
v Japonsku).®™¥ Asi u 20 % pacientil = timto syn-
dromem se nachazeji mutace genu SCNSA (kddujici
a-podjednotku sodikového kanalu). Mutace stejného
genu mohou vyvolat i obraz LOTS3 (viz vyse).

Katecholaminergni polymorfni komorood
tachylardie (CPVT)

Jednd se o veacnou autosomalné dominantné dé-
diénou arytmii, kterda se manifestuje ¢asto jiz v dét-
ském véku a zpiisobi nahlou srdeéni smrt az u 30 %
nemocnych do véku 30 let.™ 5 Asj u 40 % postize-
nych jsou nachiazeny mutace v genu pro ryanodinovy
receptor (RyR). coZ je vapnikovy kandl sarkoplazma-
tického retikula kardiomyocyti. Hraje zdasadni roli
v regulaci intracelularnich presuni vapniku. Ve spo-
radickych pfipadech jsou nachdzeny mutace v genu
pro calsequestrin. Ten je soudasti makromolekular-
niho bilkovinného komplexu ve varbé na RyR.®"

ZAVER

| kdyz bylo v posledni dekadé dosaZeno obrovského
pokroku v chapani LOTS, zistava fada nevyTeSe-
nych problémi. Phvodni relatimé jednoduchy kon-
cept LOTS jako nemoci iontovych kanslt naboural
objev mutaci cytoskeletarniho proteinu ankyrinu u té-
to choroby. Témér polovina jedineil s klinickym obra-
zem LOTS navic nema detekovatelnou mutaci v Zad-
ném z genil se znamym vztahem k LOTS. U nich
mohou byt v budoucnu objeveny zcela nové patofy-
ziologické mechanismy zaloZené napriklad na poru-
chach regulacnich proteini.

Cor Vasa 2007:49(11):416-425
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Odhadovana prevalence LOTS je asi 1 @ 10 000,
Nedawvno vsak Schwartz a spol. provedli mutacni
screening viech znamych gent LOTS u 130 proban-
dia LOTS, u kterych byla jiz dfive nalezena mutace
v jednom z uvedenych genif. V tomto souboru byla
prekvapivé u 6 jedinct (4.6 %) nalezena dalsi ne-
zavislda mutace v genech LOQTS. Takovi jedinci jsou
oznacovani jako sloFeni heterozygoti.™ V pfipadé
prevalence 1 : 10 000 je v3ak pravdépodobnost toho-
to jeva 1 : 100 000 000. Tyto tdaje ukazuji, Ze vyskyt
polymorfismi genti pro iontové kanaly bude zrejmé
mnohem vy33i nez se dosud domnivame.

Nedavno byly publikovany vysledky dvou genetic-
ky zaméfenych populaénich studii,®758 sledujicich
rizikové faktory nahlé srdecni smrti. Byla v nich pro-
vedena multivariaéni analyza nejen konvenénich ri-
zikovych faktori pro ischemickou chorobu srdecéni
(faktory biclogické. dietetické a faktory prostredi).
Ukdzalo se, Ze pozitivni rodinna anamnéza nahlé
srdeéni smrii je silnym nezdvislym rizikovym fakto-
rem nidhlé srdeéni smrti pro potomstvo. Anamnéza
niahlého tmrti u rodice zvysuje 1.8krat riziko nahle-
ho vmrti pro potomka. V pripadé nahlého timrti obou
rodiét pak relativni riziko pro potomstve dosahu-
je prekvapivé vysoké hodnoty 9.4. [ kdyi vezmeme
v tvahu metodologicka tskali daného problému,
podéavaji tyto studie presvédéivy dikaz o familiarnim
vyskytu nahlé srdeéni smrii i v béZné populaci.™ Pfi
vedomi familiarné spoleéné sdilenych vnéjsich rizi-
kovych faktord je zfejma také existence geneticky
podminénych oedchylek miznych fyziologickych proce-
s, které zvysuji riziko nahlé srdeéni smrt. Mutace
jednotlivich genti zde pravdépodobné hraji jen malou
roli, etiologie je jisté polygenni. Znamena to, Z& se
mohou uplatfiovat i tzv. béiné polymorfismy DNA
[tedy odchylky v sekvenci DNA, které se vyskytuji
v mizném procentu v populaci a jsou povaZovany za
varianty normy).

Z uvedenych ddajd vyplyva i klinicky vWznam stu-
dia LOTS pro celou populaci. Klinicky zdravi jedinei
(s normalni délkou intervalu QT) totiz mohou mit
latentni redukci repolarizacnich proudi, .sniZzenou
repolarizaéni rezervu®, nebof jsou nosiéi polymorfis-
mi1 nebo mutaci v genech pro iontové kandaly. ™ Ty se
mohou projevit ai v zatéZovych podminkach, napii-
klad pifi ischemii myockardu nebo po podani jaké-
hokoli 1éku blokujiciho néktery kanal daleZity pro
repolarizaci. V blizké budoucnosti mohou byt takove-
to zmény v sekvenci DNA rozpoznany jako dédicéné
molekuldrni rizikove faktory kardiovaskuldarnich cho-
rob a dat venik zcela nové generaci jak diagnostic-
kgich. tak terapeutickych metod.™!
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2.1.1 Poznamky k patofyziologii LQTS

Patofyziologie LQTS byla podrobné probrana ve vyse vlozeném ¢lanku. Zde bude
uvedeno nékolik pozndmek k homo- a heterozygotni formé LQTS.

Jak jiz bylo uvedeno, béznou formou LQTS je Romano-Ward syndrom (RWS). Pokud
jsou klasické ptiznaky vzacné doplnény jesté hluchotou, hovotime o Jervell a Lange-Nielsen
syndromu (JLNS). Po odkryti genetické podstaty LQTS bylo pomérné brzy zjisténo, Ze obé
varianty mohou byt zplisobeny mutacemi ve stejnych genech, pacienti s RWS jsou
heterozygoti, u pacientl s JLNS byly mutace gent kédujici podjednotky iontového kanalu
nesouciho proud Ik nalezeny v homozygotni formé&. Tento kanal je totiz pfitomen 1 ve
vnitinim uchu a jsou-li postiZzeny ob¢ alely, je kromé postiZeni srdce pfitomno 1 postiZzeni
sluchu.

Této problematice jsme se vénovali ve dvou nasledné vlozenych publikacich.
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Obsahem ¢lanku je podrobna klinicka i geneticka charakteristika rodiny s vyskytem LQTS
pouze u jednoho z déti. Jedna se prvni popis homozygotni mutace genu KCNQ/! u potomstva
nepiibuzenského snatku, coz bylo v t€ dobé povazovano za vysoce nepravdépodobné. Tento
nalez podporoval posléze prokdzanou hypotézu o ndsobné vyssim vyskytu mutaci gent pro
iontové kanaly myokardu. Funk¢ni efekt nalezené mutace je ziejmé omezeny, nebot’ u
heterozygotnich rodicii nevedla k obrazu LQTS, a v homozygotni formé se sice objevily
ptiznaky LQTS, avSak bez hluchoty. U rodict tedy tuto mutaci miiZzeme oznacit za latentni.
Ob¢ vyse uvedena fakta jsou zdkladem hypotézy o vyznamné roli variant téchto genti

v patofyziologii nahl¢ srde¢ni smrti v bézné populaci.
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CASE REPORTS

The Homozygous KCNQ1 Gene Mutation Associated

with Recessive Romano-Ward Syndrome

TOMAS NOVOTNY,* ITKA KADLECOVA 1 JAN JANOUSEK # RENATA GAILLYOVA
ALEXANDRA BITTNEROVA + ALENA FLORIANOVA = MARTINA SISAKOVA *
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From the *Department of Intemnal Medicine and Cardiology, tDepartment of Medical Genetics, University Hospital
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of Genetics and Molecular Biology, Faculty of Science, Masaryk University, Bron, Crech Republic

In a 7-year-ald boy with normal hearing suffering from repeated syncope an extremely prolonged QT,
interval (up to 700 ms] wos found. The mother was completely asymptomotic and the father had an
intermittently borderline QT. inferval (maximum 470 ms] but no symptoms. In the proband a mutation
analysis of KCNQ1 gene revealed a homozygous 1893insC mutation. The parents were heferozygous for this
mutation. There was no consanguineous marriage in the family. The clinical relevance of these findings
is that ﬂppﬂranﬂvﬂcrﬂ'nai individuals may have a latent reduction of repolarizing currents, o “reduced
repolarization reserve,” becouse they are carriers of lotent jon channel genes mutations. (PACE 2008;
29:1013-1015)

ion channel, KCNQ1, long QT syndrome, sudden death

Mutations in the KCNQI gene (GenBank ac-
cession no. AF000571) encoding the e subunit
of the KCNQ1 channel cause both the recessive
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and 1GA MH NEVEDES-T.,
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Jihlavska 20, 625 00 Broo Repuhlic. Fax: +420-53223-
2611; e-mail: novolny-tEsernam. o

Received MNowvember 11, 2005; revised Fehruary 10, Z006;
acceptad March 10, 2006,

Jervell and Lange-Nielsen syndrome (homozygous
mutation) and more frequent dominant Romano—
Ward syndrome (heterozygous mutation). The
Jervell and Lange—Nielsen syndrome is also asso-
ciated with a congenital bilateral deafness.’? Here
we present a rare evidence for Romano-Ward syn-
drome caused by homozygous KCNQT mutation.

Case Report
A 7-year-old boy was referred to a pediatric
cardiology unit because of very frequent syncopal
events during physical or emotional stress, while
having been treated for several years for suspected

erviﬁgww L |

Figure 1. ECG recording of the pro-

| band—homozygous corrier of 1893insC
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epilepsy. The general medical evaluation was un-
remarkable but on resting electrocardiogram (ECG)
an extremely prolonged QT, interval of 700 ms
was present. During bicyele exercise QT inter-
vals ranging from 490 ms to 600 ms were recorded
(Fig. 1). The boy was treated with an ICD and the
beta-blocking agent atenolol. Audiometry was per-
formed and no hearing disorder was found. The
mother of the proband was completely asymp-
tomatic. During bicycle ergometry QT values did
not exceed physiological values. The father had no
history of syncope. A slightly prolonged T, inter-
val (470 ms) was, however, recorded immediately
after cessation of exercise. In the other phases of
the stress test, QT values did not exceed physio-
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September 2006

ET AL.

i Figure 2. ECC recordings of the pro-

i band'’s parents & minutes after cessation

af exercise. Upper ECG—father-RR in-

f terval 640 ms, QT inferval 340 ms, QT

e ] (Bazett] 420 ms. Lower ECG—mother

| AR inferval 600 ms, QT interval 300 ms,
OT,. (Bazett] 440 msz.

logical limits (Fig. 2). All ECGs were obtained with
a sweep of 50 mm/s and voltage of 20 mm/mV. QT
intervals were measured manually by two blinded
investigators and corrected to the heart rate using
the Bazett formula.

Informed consent was obtained from all the
individuals and peripheral blood samples wers
taken.? All exons of KCNGQH gene and their flanking
intronic sequences were amplified by multiplex
polymerase chain reaction (PCR] with primers
described by Larsen et al® Multiplex single-
stranded conformation pelymorphism [SSCP) and
DNA sequence analyses were used to screen for
KCNQ1 gene mutations (ABI 310 sequencer, Ap-
plied Biosystams, CA, USA).

PACE. Vol. 29
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RECESSIVE ROMANO-WARD SYNDREOME

In the proband, mutation analysis of KCNQ1
gene found a homoezygous 1-bp insertion of cytosin
at a position of 1893 (1893insC) that leads to pre-
mature stop codon. This mutation has so far been
related to a long QT syndrome, but only in a het-
erozvgous state.” The parents of the proband were
heterozygous for the mutation 1893insC. They
were not aware of any consanguineous marriage
in the family.

Discussion

According to our knowledge only two other
cases were described previously. The first one was
a consanguineous family in which a KCNQIT gene
mutation was associated with long QT syndrome
phenotype only in the homozygous proband. Both
parents were hatsmmrgﬂus carriers of the mutation
and had a normal phenotype.® In the other family,
the proband and his brother were suffering from
a severs Romano—Ward syndrome associated with
compound heterozyposity for two mutations in the
KCNQT gene. The mutations were found to segre-
gate as heterozygotes in the maternal and the pa-
ternal lineage, respectively. Ncuua of the heterozy-
gotes exhibited clinical LOTS.”

In the above-described Czech family, a
1593insC mutation of KCNQI gene was found.
The same mutation has been described previously
in heterozyvgous patient with fully symptomatic
Romano-Ward syndrome.® It means that the same
mutation can behave either dominantly or reces-
sively while expressed in different genetic back-
ground. For this particular mutation no cellular
expression studies are available. There are some
data suggesting that KCN(Q1 C-terminal mutations
impair subunit assembly or trafficking, usually not
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exhibiting the dominant negative effect. This is
the possible explanation for marked differences in
phanutvgl: expression in homao- and heterozygous
carriers.

In all three cases both parents were asymp-
tomatic despite being mutation carriers. It sup-
ports a hypothesis that the spectrum of the genetic
abnormalities in ion channel genes may include
“mild” mutations and it raises the issue of parage-
netic control or other genetic and environmental
modulators.

The indicated prevalence of long QT syn-
drome is about 1/10.000. But in that case the prob-
ability of a single individual having two muta-
tions would be 1 in 100 million. Nevertheless,
recently Schwartz et al. performed molecular
screening for all known long QT syndrome genes
in 130 LOTS probands. Six individuals (4.6%)
were identified as compound heterozygous carri-
ers of independent mutations in long QT syndrome
genes.'" These data show that the prevalence of
ion channel gene polvmorphisms must be much
higher than hypothesized thus far.

The clinical relevance of these findings is that
apparently normal individuals (with normal QT
interval) may have a latent reduction of repolar-
izing currents, a “reduced repolarization reserve,”
because they are carriers of ion channel gene mu-
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symptomatic under stress conditions; for exam-
ple, under myocardial ischemia or challenge by
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Obsahem ¢lanku je podrobna klinicka i geneticka charakteristika rodiny s vyskytem LQTS.
Rodice jsou vzdaleni ptibuzni a oba jsou nositeli identické mutace genu KCNQ1, jsou
asymptomaticti a prodlouzeny interval QT byl u nich pfitomen pouze pii zatézovém testu.
Obé jejich dcery jsou homozygoty pro tuto mutaci a LQTS je u nich naopak vyrazné
vyjadien, avSak pouze jedna z nich ma audiometricky prokézanou poruchu sluchu. Identicka
homozygotni mutace tedy v jednom ptipad¢ vedla k projeviim Romano — Ward syndromu a
ve druhém Jervell a Lange-Nielsen syndromu. Vyznam tohoto nalezu pro chapani

patofyziologie LQTS je podrobn¢ probran v diskuzi vloZeného ¢lanku.
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A new homozygous mutation of the KCNQ1 gene associated with
both Romano-Ward and incomplete Jervell Lange-Nielsen

syndromes in two sisters
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Renata Gaillyova, MD, PhD!

From the *Department of Internal Medicine and Cardiology, University Hospital Brine and Facaliy of Medicine, Masarvk
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Medicine, Masarvk University, Brao, Czech Republic.

Background

The mutations in the KCNQJT gene (GenBank accession no.
AFNST 1) encoding the o subunit of the KCNQ1 channel
can cause 2 different diseases: Romano-Ward syndrome
(EWS), traditionally described as a combination of repeated
syncope episodes and a prolonged QT interval, and the less
frequent Jervell and Lange-Nielsen syndrome (JLNS), also
associated (except for the abovementioned symptoms) with
congenital bilateral deafness.! The first one is usually asso-
ciated with the heterozyzous gene mutation, the latter one
with the homozygous mutation. The disease prevalence is
estimated at close to 1 in 2,500 live births, and JLNS has
been reported to affect about 3 in 1 million individuals,
which represents less than 1% of all long-QT syndrome
(LQTS) patients.”

Case report

A 19-year-old woman suffered from a sudden syncope at her
new job. After the ambulance arrived. the syncope repeated
and a polymorphic ventricular tachycardia torsades de pointes
was identified on the electrocardiogram (ECG). During the
second syncope, it terminated spontaneously. The patient was
admitted to the local hospital. A prolongation of the QT inter-
val was identified, and the patient was referred (o the special-
ized cardiology center for further examination and treatment.
Extremely prolonged QTc (Bazett formula) of 620 ms was
recorded on admission (Figure 1TA).

KEYWORDS ECMO1; Jervel Lange-Mielsen syndrome; Romano-Ward syn-
drome

ABBREVIATIONS ECE = electrocardiogram; I0D = implantable cardio-
verter-defibrillator; JLNS = Jervel Lange-Nielsen syndrome; RWS =
Romano-Ward syndrome (Heart Rhythm 2010;7:531-533)
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correspandence: Dr. Jan Kanovsky, Department of Internal Medicine and
Cardiology, University Hospital Brno. Jihlavska 20, 625 00, Broo, Crech
Republic. E-mail address: jkanovsky @ fobmo.cz. (Received October 30,
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The detailed patient history revealed repeated syncope
episodes since the age of 2 years, usually 1 to 5 times per
year, lasting 30 to 60 seconds, and provoked by stress.
Every time the emergency personnel arfived. the patient was
already conscious. All syncope episodes were accompanied
by cvanosis. During the admission interview, we found that
the patient had a 21-vear-old sister with almost the same
symptoms. She had suffered from syncope episodes since
the age of 4 vears old, and the frequency was much higher.
She sometimes became unconscious, even several times per
day during her adolescence; during the vear of examination,
the frequency was several times per vear. QTc of 670 ms
was found on the ECG (Figure 2), and the patient also was
admitted to our hospital. The general medical examination
was unremarkable in both sisters; no abnormalities were
found in biochemical or hematological blood test results.
Echocardiography was performed, showing excellent sys-
tolic function with a left ventricular ejection fraction of 72%
in the younger sister and E1% in the older one. No mor-
phologic abnormality was discovered. Both patients under-
went a bicycle stress test, which revealed a prolonged QTc
with further prolongation during exercise and resting phase
(700 to 750 ms in the vounger sister and 650 to 630 ms in
the older one). Bizarre negative T waves developed during
the exercise (Figure |B}, and then notched T waves devel-
oped during the resting phase (Figure 1C) in the younger
patient.

The audiometry revealed a subclinical hearing impair-
ment in the younger sister, defined as a bilateral symmetric
sensorineural hypacusis with the basocochlear loss of 60
dB. Thus, a diagnosis of incomplete JLNS syndrome was
established in this case. In the older sister, the andiometry
finding was physiological. Both sisters were primarily
treated with an implantable cardioventer-defibrillator (1CD)
because of the extremely prolonged QT interval and re-
peated aborted circulatory arrests. The beta-blocking agent
betaxolol also was administered.

We also examined the patients’ parents and found a
consanguineous marriage in the family; the grandparents

doiz 10, 10167 hribm. 2008 11.034
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Figure 1  ECGs from the younger sister (chest leads). A. BCG of the younger sister recorded at admission to the cardiclogy center (RR interval 920 ms,

uncorrected (T interval 600 ms). B. Bizame nepative T waves on ECG during the bicycle stress test. C. Motched T waves on ECG at the restitution phase

of the stress test, typical for carriers of LOTS. ECG = electrocardiogram.

were cousing (Figure 3). The parents were asympiomatic,
had no history of syncope, and the resting QT was normal.
During the stress test, there was a prolongation of QTc in
both parents (470 ms in the father, 500 ms in the mother);
the diagnosis of LTS also was established in parents.

All of the individuals gave their informed consent, and
peripheral blood samples were taken. Mutation analysis of
LOTS-related genes was performed using the multiplex
polymerase chain reaction, single-strand conformation polymor-
phism and DNA sequencing analyses® Mutation B 190L in
the region between transmembrane segments 52-53 of the
KCNQI gene was identified in all members of the family.
The children were homozveous for this mutation; the par-
ents were heterozyeous. The mutation has not been de-
scribed vet.

14 HB:TA I Jheata S
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Figure 2
ECG = electrocardogram.

During the next 3 years, the vounger sister had 2 epi-
sodes of syncope; both were recorded by the ICD as a
polvmorphic ventricular tachweardia with a frequency of
260 beats/min and terminated by the ICD shock therapy.
The older sister has not had a syncope episode since the
implantation.

Discussion

In this family, we have found a unigue combination of
LOTS symptoms in particular family members. The parents
were heterozygous for the R190L mutation of the KCNOT
gene. They were completely asymptomatic, with normal
resting QT intervals. There was no history of sudden cardiac
death in the older generations. However, during the stress
test. we have proved a pathological QTc in both parents. In
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Homozygous KCWQI mutation and RWS and JLN 533

Figure 3

Pedigree of the family. ¥/1,¥/2: Probands, genotype KCMN)1:
(RI9DL)+(RI90L). 1V/2: Father, genotype ECHOL: (R190L)+(=). IV
Mother, genotype KCNQL: (R19H.)+({=). The probands’ grandparents

WEE COuSins.

addition, there were the homozygous children with very
frequent syncope episodes and extreme QTc prolongation.
The homozygous LOTS individuals usually present as
JLNS with hearing impairment. However, in this case re-
port, we have described the manifestation of both the RWS
and the incomplete JLNS in sisters with a homozyoous
mutation in the KCNQI gene. The manifestation of the
RWS in homozygous patients is very rare ™ As far as we
know, this is the first report of a manifestation of both
syndromes in siblings with the same mutation. although
JLNS is manifested with incomplete hearing impairment.
JLNS is by definition associated with bilateral deafness.
Thus, there is a possibility that the hearing impairment in
the younger sister may have been caused by other factors
(such as exposure to noise), but there is no evidence of such
factors in the medical history of the patient. The diagnosis
of incomplete JLNS is supported by the following features:
1) The bilateral sensorineural hearing impairment is sym-
metrical. 2) We observed a difference in the syncope fre-
quency in both women. The one with the hearing impair-
ment suffers from syncope episodes due to malignant
arrhythmias despite beia-blocker therapy, and during her
stress test, a more pronounced QT interval prolongation was
present. More severe clinical manifestation of JLNS com-
pared 0 BWS was reporied repeatedly in the literature.”
It is not clear why the same homozy gous mutation causes
JLNS in one sibling and EW S in the other one. The KCN() 1
channel is expressed not only in the heart but also in the
inner ear. There it plays an imporiant role in the generation
of the endocochlear potential necessary for normal hear-
ing.*"" Most JLNS muiations of the KCN{QJ gene are com-
plex mutations, likely o interfere with subunit assembly
and causing complete abolishment of ion channel func-
tion."" In a recent study. it has been shown that approxi-
mately 10% of the normal KCNQI current is able to main-
tain hearing function in homozygous carriers as well.'* The
functional effect of the R190L mutation discoverad in this
family is mot known. Previously, a RI1900) mutation was
described in the same position.'* In that study, the mutation
led to a nonfunctional channel. This cannot be the case in

this family because neither of the homozygous carriers was
deaf. The diverse effect of a different mutation in the same
position is probably because glutamine () and leucine (L)
residues are quite different in structure and chemical fea-
tures. In the case of our R190L mutation, we can speculate
that the proportion of functional channels is somewhere
close to the abovementioned 104%. This means that in the
older sister this amount is sufficient for normal hearing, but
in the vounger one some additional yet-unknown factors led
to hearing impairment. This raises the issue of paragenetic
control or other genetic and environmental modulators. The
uncertainty of understanding these processes is often expressed
as “the different genetic background of an individual.” Despite
great hopes expressed afier the sequencing of the human ge-
nome several years ago, our understanding of the genetic
background of pathophysiological processes is still quite poor.

The parents with the normal resting QTc in our case are
an example of the latent carriers of a possibly malignant
disease. In some LOTS families, only 25% penetrance of
fully expressed disease was observed. Other cariers of
pathologic mutations remained completely asymptomatic,
that is, they did not present even a prolonged QT interval. ™
That is why we consider the stress test very important for
the diagnostics of LOTS. The presented case report further
extends our view of genotype-phenotype relationships in
LOQTS, which are anvthing else but simple. To elucidate
them we will have to move to a higher level of understand-
ing the regulatory processes of the human genome.
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2.1.2. Interval QT a jeho zatéZové zavislé chovani — komentaF k souc¢asnym poznatkiim

Zavislost intervalu QT na tepové (zavislost QT/RR) je zndma vice nez 100 let (9, 10) a
byla predmétem celé fady studii (11). Zjednodusené je mozné fici, Ze interval QT se postupné
zkracuje se zvysujici se tepovou frekvenci. Elektrokardiografickd data nejriiznéjsiho piivodu,
kvality a rozsahu byla zkoumana pfevazné s cilem formulovat obecné platny popis zavislosti
QT/RR a také ziskat Siroce vyuzitelny matematicky vzorec pro korekci intervalu QT k tepové
frekvenci (QTc —interval QT korigovany k tepové frekvenci). Zadny z téchto pokust viak
nebyl opravdu uspeésny (12) a relativné nedavno bylo potvrzeno, ze zavislost QT/RR je velmi
stala u konkrétniho jedince, nicmén¢ interindividuélné vykazuje vysokou variabilitu (13, 14).
Tedy zadna obecné platna korekéni formule neexistuje a kazdy jedinec ,,ma sviyj vlastni
korekéni vzorec*. Tento fakt vyrazné ztézuje rozliSeni fyziologického a patologického
chovani intervalu QT, byt je presvédcive prokdzano, ze jak jeho zkraceni, tak 1 prodlouZeni je
spjato se zvySenym rizikem arytmii.

Byla navrZena celd fada numerickych charakteristik, jejichZ cilem je jednak pokrok
v chapani fyziologie repolariza¢niho procesu a také rozliSeni mezi normalni a abnormalni
repolarizaci v klinicky dobte definovanych populacich. Jedna se o nejrtiznéj$i matematické
metody od jednoduchych kalkulaci plochy pod vinou T (15) az po trojrozmérné rekonstrukce
vektorokardiografickych smycek vin T a jejich kvantifikace (s nutnosti vyuziti algoritmii
dekompozice na singularni hodnoty a rekonstrukce ve vicerozmérnych algebraickych
prostorech) (16, 17).

Nedavné pokroky v digitalni elektrokardiografii a umoznuji provadéni dlouhodobych EKG
zaznamu a jejich méfeni s vysokou piesnosti. Ve srovnadni s pokrokem v aplikované
elektrokardiografii je vSak podrobné chépani repolarizacni elektrofyziologie mnohem méné
pokrocilé. Vztahy mezi riznymi charakteristikami EKG zdznamu jsou pfevazné€ neznamé a
neni ani jasné, zda se rizné deskriptory vztahuji k riznym aspektim stejného fyziologického
procesu nebo odrazeji riizné fyziologické procesy. K vysvétleni t€chto nejasnosti bude tteba
provést celou fadu cilenych fyziologickych studii nejriznéjsich repolarizacnich charakteristik

za riznych podminek.
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zucCastnénych pracovist, hodnoceni EKG, analyza dat)
Prace se vénuje fenoménu QT/RR hystereze — t. j. zpoZzd'ovani zkracovani intervalu QT za

zkracovanim intervalu RR. Prokazuje individudlni specificitu a interindividudlni variabilitu

tohoto parametru a jeho nezavislost na statickém vztahu QT/RR.
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Mallk M, Hnatkova K, Novotny T, Schmildt G. Subject-
specific profiles of QT/RR hysteresis. Am J Physiol Heart Circ
Physiol 295: H2356-H2363, 2008. First published October 10,
2008; doi:10.1152/ajpheart.00625.2008.—The time lag of the QT
interval adaptation to heart rate changes (QT/RR hysteresis) was
studied in 40 healthy subjects (18 females: mean age, 30.4 = 8.1 yr)
with 3 separate daytime (=13 h) 12-lead electrocardiograms (ECG) in
each subject. In each recording, 330 individual 10-s ECG segments
were measured, including 100 segments preceded by 2 min of heart
rate varying greater than =2 beats/min. Other segmenis were pre-
ceded by a stable heart rate. In segments preceded by variable rale,
QT/RR hysteresis was characterized by A parameters of the exponen-
tial decay models. The intrasubject SDs of A values were compared
with the intersubject SD of the individual means. The h values were
also correlated to individually optimized parameters of heart rate
correction. Intrasubject SDs of A were substantially smaller than the
population SD of individual means (0.390 = 0.197 vs. 0.711, P <
0.0001). The A values were unrelated to the QT/RR correction
parameters. When compared with the corrected QT (QTc) for aver-
aged RR intervals in 10-s ECGs and with the averaged RR intervals
in 2-min history, QTc for QT/RR hysteresis led to a substantially
smaller SD of QTc values (11.4 = 2,00, 6.33 = 131, and 4.66 = 0.85
ms, respectively, P < 0.0001). Thus the speed with which the QT
interval adapts to heart rate changes is highly individual with intra-
subject stability and intersubject variability. QT/RR hysteresis is
independent of the static QT/RR relationship and should be consid-
ered as a separate physiological process. The combination of individ-
ual heart rate correction with individual hysteresis correction of the
QT interval is likely to lead to substantial improvements of cardiac
repolarization studies.

QT adaptation; individual QT correction: electrocardiogram measure-
ment; corrected QT variability

HEART RATE DEPENDENCY of the electrocardiographic QT interval
has been the subject of numerous studies. Electrocardiographic
data sets of variable sizes, sources, and quality have been used
to investigate the relationship of the QT interval to heart rate
(3, 12, 14, 26, 28), most frequently with the aim of finding a
universally applicable heart rate comection formula. On the
contrary, the adaptation of QT interval duration to rapid rate
changes, which is the lag with which QT interval duration
responds to heart rate changes, has been studied much less
frequently. Indeed. in numerous studies that investigated the
relationship between QT interval and heart rate in short-term
(such as 10 s) electrocardiograms (ECG), the QT adaptation to
heart rate changes has been, as a rule, impossible since no heart
rate history preceding the measured ECGs was available.
The time scale of the adaptation of QT interval to heart rate
changes, most frequently termed the QT/RR hysteresis, has

been previously approximated in investigations with constant
pacing rates. Such experiments measured both the action po-
tential durations (11) and QT intervals in surface ECGs (17).
Studies of QT/RR hysteresis in long-term ECG recordings
without pacing provocation appeared only recently, made pos-
sible by the electronic capture and analysis of substantial ECG
data. Differences in the QT/RR hysteresis profile were reported
to stratify the risk in survivors of myocardial infarction (25,
29). It has also been reported that the correction of the QT
interval for both heart rate and QT/RR hysteresis leads to more
stable corrected QT (QTc) data with possible implications for
clinical studies of repolarization changes (20). Proposals have
also been made that the graphic display of the QT/RR hyster-
esis might be helpful in the detection of drug-induced QT
interval changes (10).

Still, there is little knowledge on the basic physiology of
QT/RR hysteresis, and detailed investigations in healthy sub-
jects are lacking. With this in mind, this study investigated
QT/RR hysteresis in a population of healthy subjects for whom
repeated high-quality, long-term, 12-lead ECG recordings were
available. The study aimed at studying whether QT/RR hys-
teresis can be consistently measured in long-term 12-lead
ECGs, whether the hysteresis profiles differ among healthy
subjects, and whether there is any relationship between the
static QT/RR relationship and the dynamic QT/RR hysteresis.

METHODS

Population. The data of the study originated from clinical investi-
gation CARISEPY 1025 sponsored by Johnson & Johnson Pharma-
ceutical Research and Development (Titusville, NI). The study in-
cluded repeated, long-term, 12-lead ECG recordings obtained during
daytime hours. For the purposes of this investigation, the data were
available in 40 healthy subjects (18 females; mean age, 30.4 = 8.1 yr;
range, 19 to 48 yr; interquartile range, 24 to 36 yr). Female subjects
were marginally older (32.3 = 19.4 yr) than male subjects (28.9 = 6.7
yr), but the difference was not statistically significant. All subjects had
a normal physical examination and a normal resting ECG at the study
onset. During the ECG recordings of this investigation, the subjects
were not on any medication, including hormonal contraceptives or
hormone replacement therapy, homoeopathic or herbal remedies, and
dietary supplements. They also refrained from smoking or digesting
caffeine or alcohol. Also, during the actual ECG recordings, the
subjects were not permitted to slegp. The study was conducted at the
clinical facility of PPD Development {Austin, TX) and was approved
by the Ethics Committee of the facility. All subjects gave informed,
writlen consent.

ECG recordings. This investigation used ECG recordings obtained
during the baseline of three phases of clinical study CARISEPY 1025
when the subjects were not exposed to any investigational drug. Thus,
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for the purposes of this investigation, each subject underwent three
long-term, digital 12-lead ECG recordings that were initiated between
7 am and 8:00 am and lasted =13 h. Periods of 2 to 3 wk separated
individual recordings in each subject, but the recordings were ob-
tained in the same place and under the same environmental conditions.
The recordings were obtained with SEER MC digital portable elec-
trocardiographs (GE Healthcare, Milwaukee, WT) with the electrodes
placed in Mason-Likar positions. The electrode placemenis were
marked on the skin of each subject, and the electrode positions were
carefully reproduced from recording to recording.

Selection of ECG data for QT interval measuremenis. Short-term,
10-s ECG segments were selected in each long-term ECG recording
for an accurate QT interval measurement with the aim of character-
izing 1) QT/RR profile in which the QT interval durations have been
already adapted to heart rate and 2) QT interval adaptation to heart
rate due to QT/RR hysteresis. Specifically, the following three sepa-
rate steps of short-term ECG extractions were used.

During each recording period. the subjects were placed 26 times
into standardized positions, mainly supine but also unsupported sitting
and supporting standing. Each of these stable positions defined a
5-min window during which up to five 105 ECG segments were
selected from the long-term recording, all preceded by =90 s of stable
heart rate with fluctuations less than =2 beats/min with the heart rate
calculated in 10-s segments. The selected ECG segments were not
adjacent, and all of the ECG segments preceded by stable heart rate
had the lowest noise content (1). The noise was characterized by a
square root of the product of the SD noise and the rool mean square
of suceessive difference noise (1). This procedure defined up to 130
segments in each long-term recording.

In addition, all 10-s ECGs were found in each recording that were
preceded by =120 s of stable heart rate (variability, less than *2
beats/min). These were sorted according to the preceding stable heart
rate and divided. in each long-term recording, into 100 bins as
equidistant as possible in the underlying heart rate. In each bin, the
ECG with the lowest noise content (1) was selected.

Furthermore, all 10-5 ECG segments were found in each recording
preceded by 120 s during which the heart rate varied by greater than
+2 beats/min. Specifically, the variability of heart rate was calculated
as the difference between the slowest and fastest heart rate in 10-s
segments of the preceding 2 min. Of these ECG segments, 100 were
selected that were separated by at least 2 min from each other and of
which 50 and 50 were preceded by the largest heart rate deceleration
and acceleration, respectively. An additional 30 ECG segments pre-
ceded by variable heart rate were obtained from six prespecified 5-min
windows during which the subjects were changing their postural
positions.

Thus, in total, up to 360 ECG segments, each of 10-s duration, were
selected for a detailed QT interval measurement from each long-term
recording.

ECG measurements. Each selected 10-5s ECG segment was filtered,
and its baseline wander was removed. [Modified versions of published
filtering (4) and baseline wander removal (23) technigues were used.]
From the filtered signals, the median representative beals were con-
structed and the QT intervals (from global QRS onset to global
T-wave offset) were measured using a pattern matching algorithm. In
each ECG, the  onset and T offset triggers were visually checked
and, where necessary, manually corrected by two independently
working cardiologists. These visual checks and measurement correc-
tions were performed on a computer screen in median beats with
superimposed images of all 12 leads in a 1-kHz resolution (cubic
spline interpolation). Cardiologists were also permitted to declare an
ECG as nonmeasurable.

The results of these measurement checks by the two cardiologists
were compared, and the ECGs in which the cardiologists differed
either in their decision on measurability or in the QT interval duration
by =6 ms were identified. These ECGs were returned to the same pair
of cardiologists for repeated verification. After the second measure-
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ment, the results provided by the two cardiologists were again com-
pared and cases of disagreement reconciled by a senior cardiologist.
All ECGs of the same individual were processed by the same pair of
cardiologists and by the same senior cardiologist.

After obtaining these manually verified and reconciled measure-
ments, all measured ECGs of the same subject were pattern classified
with an adjustment algorithm to ensure that similar ECG morpholog-
ical patterns were measured systematically. Thereafter, the measure-
ment was again visually checked and, where necessary, manually
corrected by a senior cardiologist. Subsequently, the Q onset and T
offset triggers were projected from the median beats into the individ-
ual beats of the measured ECG segment (18).

For each measured 10-s ECG segment, the QRS positions were
identified, and a history of =250 RR intervals preceding the measured
segment was obtained [the number of 250 RR intervals was based on
previous observations (25) and practicality]. The computer identifi-
cation of the QRS complexes and of RR interval measurement was
verified and, if necessary, corrected by a cardiologist on a computer
screen displaying the 12-lead rhythm.

Measurement of QT/RR hysteresis. In each recording, the QT/RR
hysteresis was assessed using an optimized version of a previously
published methodology (25). The assessment used the data obtained
from the ECG segments preceded by variable heart rates.

Presently, it is not known whether the influence of the RR interval
history on the QT interval duration diminishes with every cardiac
cycle or whether it decreases with time. To distinguish this, two
different modes of hysteresis were investigated. The first expressed
the history of the QT measurement in terms of the number of RR
intervals; the other, in terms of the time elapsed. In the following text,
these modes are called the “interval-based” and the “time-based”
hysteresis.

As previously published, the profile of the QT/RR hysteresis was
modeled by a numerical parameter of exponential decay (25), i.e., the
two modes of hysteresis were characterized by numerical parameters
hp and hy with the hysteresis contribution of the preceding n RR
intervals to the QT interval duration weighted as follows:

1l —e™T
N—e™

for the interval-based QT/RR hysteresis, and

.
1 - e"fz—i.' -
>

1—g ™t

for the time-based QT/RR hysteresis, where L is the number of all RR
intervals in the history (RR,-)E'=| of the QT interval measurement.

In addition to the QT/RR hysteresis assessment in each separate
recording, the data of the 10-s ECG segments preceded by the most
variable heart rate were also pooled from all three repeated recordings
in each subject and the same algorithms provided pooled hysteresis
profile and coefficients k; and hy. Hence, for each hysteresis mode,
four different values of the h coefficients were found for each subject:
three corresponding to the three separate recordings and one corre-
sponding to the pooled data of all three recordings.

Correction for QT/RR hysteresis. Each QT interval measurement
was related to four different RR-interval values. These were [) the
averaged RR interval in the 10-s ECG segment in which the QT
interval measurement was made, 2) the average of RR intervals in
120-5 history of the QT interval measurement, 3) the RR interval
value obtained from the interval-based hysteresis profile applied to the
RR history of the measured segment (the profiles were calculated for
each cardiac beat within the measured segment and subsequently
averaged), and 4) the same as in 3 above using the time-based
hysteresis.
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For each of these possibilities, the pairs of QT and RR interval data
were processed with a previously described spectrum of linear and
nonlinear regression models (2, 19, 25) from which the model leading
to the lowest regression residual was selected.

These regression residuals (i.e., the SD of QTc values when the
optimum regression model is converted into an individualized correc-
tion formula) were calculated for 1) all the QT data measured in the
same recording and 2) all the QT data measured in the same subject
(i.e., pooling the 3 separate recordings together).

Correction for heart rate. From the spectrum of linear and nonlin-
ear regression models (2, 19, 25), the model that led to the lowest sum
of regression residuals over all study subjects was identified and the
slope parameter o of this model (i.e., the parameter used for heart rate
correction with this population optimum model) was optimized for
each subject using all the measured data. The same individual opti-
mization of the slope parameter o was also performed for the linear
model QT = « % RR + B, as well as for the parabolic log/log model
QT = B x RR= These individually optimal « parameters were
correlated with the individual A; and At coefficients (obtained from
pooled data of the same subject) to study the relationship between
QT/RR hysteresis and the static QT/RR relationship.

Statistics and data evaluation. The RR interval measurements and
the records of RR history for the purposes of hysteresis calculation
were expressed in seconds. The QT intervals and QT/RR regression
residuals were expressed in milliseconds.

In each subject, each of the three recordings provided separate values
of & and Ay. From these three values, the intrasubject average and
intrasubject SD of the A and Ay values were calculated. The intra-
subject SDs were compared (1-sample, 2-tailed f-test) with the inter-
subject SD of the individual means as well as with the intersubject SD
of the Ay and hr values obtained from the pooled three recordings. A
statistically significant difference with lower intrasubject SD was
interpreted as 1) proof of consistency in the measurement of the »,; and
A values and 2) subject-specific individuality of the QT/RR hyster-
esis. To test whether the comparison between intrasubject and inter-
subject SDs distinguishes between individual-specific values and
measurement characteristics that are substantially influenced by ran-
dom errors, the same comparison was also applied to the maximum
noise contents found in the analyzed ECG segments of separate
long-term recordings.

To test the stability of the QT/RR hysteresis assessment from
long-term ECG recordings, the averages of the A and hr values
obtained from the three separate recordings in the same subject were
also compared with the ; and h+ values derived from the pooled QT
and RR interval data of the three recordings. The correspondence
between the averages and the values obtained from the pooled data
was interpreted as a further confirmation of measurement stability. For
the same purpose, the individual ky and At values were mutually
correlated.

To test the relationship between the QT/RR hysieresis and the static
QT/RR relationship, the k; and ky values were correlated with the
individual correction parameters.

The QT/RR regression residuals (i.e., the SDs of the QTc values)
were compared (1-sample, 2-tailed r-test) for the four different pos-
sibilities of expressing the RR interval.

The » values, their intraindividual SDs, and the QT/RR regression
residuals were compared between both sexes (2-sample, 2-tailed
i-test, assuming different variances).

Continuous data are presented as means + SD. Statistical signifi-
cance was assumed if P < 0.05.

RESULTS

After the exclusion of nonmeasurable segments, the study
used QT interval and RR history measurements of 43,046
individual 10-s ECG segments. The averaged slowest and
fastest heart rates in individual long-term recordings were

QT/RR HYSTERESIS

51.6 £ 6.1 and 113.7 = 12.4 beats/min, respectively. The
differences between the fastest and slowest heart rates in the
individual long-term recordings were 60.0 = 11.5 (range,
39.7-96.0) beats/min. The averaged heart rates of the analyzed
ECG segments were 73.4 £ 6.7 (range per individual long term
recordings, 59.0—89.1) beats/min.

Characteristics of QT/RR hysteresis. In the total population,
the mean values of A; and of hy obtained from the pooled data
in the same subjects were 4.68 = 0.63 and 5.04 = 0.70,
respectively. There was a trend toward higher A values (i.e.,
faster QT adaptation to heart rate changes) in males than in
females (A of 4.85 = 0.59 vs. 448 = 0.64; hrof 5.21 = 0.66
vs. 4.82 = 0.71), but it did not reach statistical significance
(P = 007 and 0.08, respectively). Since the averaged heart
rates were above 60 beats/min, Ay values were larger than h,
values (P <2 0.0001), but the A; and Ay values in the same
subjects were highly correlated (r = 0.899).

Intrasubject and intersubject spread of h values is shown in
Fig. 1. The A values were found highly individual with the
intrasubject SDs (0.354 = 0.221 for ky, and 0.390 = 0.197 for
k1) substantially smaller than the intersubject SDs of individ-
val means of k (0.641 for k;, P << 0.0001; and 0.711 for Ar,
P < 0.0001), as well as the intersubject SDs of A values
obtained from pooled recordings in the same subjects (0.631
for A, P < 0.0001; and 0.702 for hy, P < 0.0001). High
statistical significances confirming the individuality of A values
were also found when repeating these tests separately in
women and in men. The intrasubject SDs of A and At were not
different between women and men.

Figure 1 also shows the comparison of the maximum noise
levels analyzed in the same way. The intrasubject SDs of
maximum noise (15.6 = 16.1 technical units) were not statis-
tically different from the intersubject SD (19.1, P = 0.19).

Figure 2 shows the comparison between A values obtained
when averaging the results of the separate recordings in each
subject and when pooling these recordings together. There
were only negligible differences (correlation coefficient: r =
0.988 for Ay and r = 0.989 for Ay: differences pooled minus the
average of —0.003 = 0.098 for A; and 0.005 = 0.104 for hy).

The population range of k; values was between 3.51 and
6.07, corresponding to the 50% QT adaptation to RR interval
change after 48 and 28 cardiac cycles (90% adaptation after
148 and 95 cycles, respectively). Correspondingly, the popu-
lation range of Ayt values was between 3.82 and 6.42, corre-
sponding to the 50% QT adaptation to RR interval change after
44 and 27 s (9% adaptation after 140 and 90 s, respectively).
The averaged A; and At values corresponded to 50% QT/RR
adaptation completed after 37 cardiac cycles and 34 s (90%
adaptation after 120 cycles and 112 s).

Relationship between QT/RR hysteresis and QT/RR patterns.
With both hysteresis modes, the smallest QT/RR regression
residuals were on average found with the arcus hyperbolic
sine regression model (2, 25) QT = @ X arcus hyperbolic
sine(RR) + B.

Figure 3 shows that individually optimized o parameters of
this model, as well as of the linear and parabolic log/log
models, were not influenced by the hysteresis mode: i.e., once
the QT/RR hysteresis was considered, the same QT/RR pattern
was found in each individual irrespective of whether correcting
for interval-based or time-based hysteresis.
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Fig. 1. Distribution of & values measured in individual recordings of the study.
Top, middle. and boltom: values measured in 3 repeated recordings of the same
subject are shown above each other and connected by a vertical line. The study
subjects were sorted according to the individually lowest values of h andfor
noise levels, and, consequently, the order of the subjects is not the same. White
squares, male subjects; black squares, female subjects. Top: kg values. Middle:
Ar values. Note that the data reproducibility within subjects is clearly greater
than it is between subjects (see main text for statistical comparisons). Note also
that the distribution of the & values shown in the fop and middle is almost linear
and that no plateau corresponding to more frequent “normal™ values can be
seen. Bortom: validation of the comparison test with the maximum ECG noise
levels that were not consistently different between study subjects.

Maximum ECG noise

Study subjects

As previously reported (19), we found different o parame-
ters in women and men, confirming that women have steeper
QT/RR patterns. These differences between the o parameters
in men and women were 0.165 = 0.022 vs. 0.188 = 0.014, P =
0.0004; 0.365 = 0.042 vs, 0.395 * 0.028, P = 0.0112; and
0.219 = 0.026 vs. 0.246 = 0.018, P = 0.0004; for the linear,
parabolic log/log, and arcus hyperbolic sine regression model,

respectively.
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Figure 4 shows that the A values were unrelated to the o
parameters of QT/RR regression models. With all the previously
published regression models (25), the correlation coefficients
between o parameters and Aj values ranged between —0.298 and
0.136, whereas between o parameters and Ay values, the comela-
tion range was between —0.206 and 0.207. Even without comrec-
tions for multiplicity of comparisons, none of these correlation
coefficients was statistically significant.

OT/RR regression residuals. On average, the QT/RR regres-
sion residuals were slightly but statistically significantly lower
when combining the optimized QT/RR regression model with
individually optimized time-based hysteresis correction rather
than with the individually optimized interval-based hysteresis
correction.
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Fig. 2. Scatter diagrams of A values obtained from the pool of the 3 recordings
in the same subject (x-axes) plotted against the average of h valugs measured
in the same 3 recordings separately. Top: ko values. Botfom: hr values. Note
that the two assessments lead practically to the same values (see main text for
statistical tests).
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When calculating the QT/RR regression residuals in the pooled
data of all three recordings in the same subject (Fig. 5), the mean
residuals for 10-s RR average, 120-s average, interval-based
hysteresis, and time-based hysteresis were 11.8 = 2.16, 6.96 =
1.41, 553 £ 1.13, and 546 = 1.07 ms, respectively. All the
differences were stafistically significant (P = 0.0023 for the

difference between the hysteresis modes, and P << 0.0001 for all
other comparisons).

Similar differences were found when calculating the QT/RR
regression residuals in each recording separately and averaging
them in each subject (Fig. 6). The mean residuals for 10-s RR
average, 120-s average, interval-based hysteresis, and time-based
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hysteresis were 11.36 = 2.00, 6,33 = 1.31, 475 = 093, and
466 = 0.85 ms, respectively. All the differences were again
statistically significant (P = 0.0016 for the difference between the
hysteresis modes, and P << 0.0001 for all other comparisons).

DISCUSSION

Three principal conclusions can be made from this study.
First, the QT/RR hysteresis can be reliably and consistently
assessed from the long-term ECG recordings.

Second, similar to the static QT/RR relationship, the dy-
namic patterns of QT/RR hysteresis show substantial intrasu-
bject stability with a high intersubject variability. Although we
have not obtained identical A values in repeated recordings of
the same individual, the intrasubject spread was remarkably
smaller than the spread in the population. Not only were the
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Fig. 6. Graphical representation of the statistical comparisons (see main text
for exact values and statistical tests) of individually optimized QT/RR resid-
uals (ie.. SDs of individually calculated QTc values). The individual bars
correspond to QTVRR residuals with RR values taken from 10-s RR averages,
RE values taken from the RR interval averages of the preceding rhythm, RR
values taken from the correction for interval-based hysteresis, and RR values
taken from the correction for time-based hysteresis. Gray bars, pools of the 3
recordings made in the same subject, white bars, averaged values of the QT/RR
residuals obtained in each of the same recordings separately. Population mean
values and SDs are shown.

AJP-Heart Cire Physiol « VOL 205 «

differences highly statistically significant, but intersubject SDs
were practically twice as large as intrasubject SDs.

Third, it appears that the static QT/RR relationship, which is
by how much the QT interval shortens or prelongs when
cardiac cycles reach stable faster or slower rate, and the QT/RR
hysteresis, which is how quickly the QT interval adapts to heart
rate acceleration or deceleration, are two different and unre-
lated physiological processes. Both these processes are indi-
vidually specific to separate subjects. Their population assess-
ment suggests that there are no combinations that would be
more normal or physiological than others (see the spread of
values in Fig. 4).

In addition to these conclusions, we also observed statistical
differences between the two hysteresis modes. When using the
QT/RR residual as an arbitration, the time-based QT/RR hys-
teresis led to lower QTc variability than interval-based hyster-
esis. It thus seems that the influence of the heart rate history on
the QT interval duration diminishes more likely with the time
elapsed rather than with the number of cardiac cycles.

As far as we are aware, this is the first study investigating the
individuality of QT/RR hysteresis in healthy subjects. Conse-
quently, there is little published data with which we can
compare our principal results. Nevertheless, the averaged A
values agree well with the previously reported adaptation of
both monophasic action potentials and surface QT intervals in
response to abrupt changes in pacing rate (11, 17). With both
these experiments, 90% adaptation was reported after -2 min
(11, 17), whereas the mean value of At found in our study
corresponds to 90% of adaptation after 112 s.

The individuality of the hysteresis profiles also agrees well
with the observed individuality of other dynamic ECG param-
eters that were reported not only for QT/RR profiles (2, 19) but
also for heart rate dependencies of other ECG intervals (22).
Indeed, in consideration of the intrasubject stability of the
hysteresis profiles, the spread of values in Fig. 4 resembles
fingerprint-like differences. The identification of the mecha-
nisms responsible for such stable intersubject differences is
well beyond the scope of this investigation. We can only
speculate that the observed differences between subjects are a
manifestation of highly individual distributions of ionic chan-
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nels and of their interactions in different cardiac tissues. It is
likely that the individual ECG phenotype is related to the
intersubject genotype differences. However, it is equally plau-
sible that the details of ionic channel distributions and inter-
actions are caused by congenital embryonic chance rather than
genetically determined. Future studies are needed to address
these possibilities, e.g., by comparing high-precision electro-
cardiography in monozygotic and dizygotic twins.

The values of the QT/RR regression residuals (i.e., SDs of
the individually heart rate- and hysteresis QTc intervals) also
confirmed the minimum spread and little variability of QTc
values in healthy subjects that our group has recently reported
in an independent population (20). Although there is a circa-
dian pattern of QTc intervals during the daytime hours (e.g.,
due to postprandial changes), the variability of QTc values
when accurately measured and corrected is much smaller than
previously reported (13, 24, 27).

The study has several important practical implications.
Scrambling the effects of the dynamic QT/RR hysteresis with
the effects of the stable QT/RR relationship (10, 16, 30) into
one descriptor of repolarization dynamics seems counterpro-
ductive. Rather, both physiological processes should be mea-
sured and characterized separately and only subsequently com-
bined in studies of QTc interval dynamics. The very substantial
reduction of SD} of QTc values achieved with the combination
of individual hysteresis and individual heart rate correction
suggests that both these corrections should be used in accurate
studies investigating QTc changes. This concerns not only
physiological influences of the QTc interval by various prov-
ocations but also the studies of drug-induced QTc changes (6).
The power of such investigations will be substantially in-
creased (and thus the necessary study size decreased) if the
combined individual-specific corrections for both heart rate
and hysteresis are used. Correcting QT interval individually for
both rate and hysteresis appears clearly preferable to preselect-
ing ECG data in which the effect of QT/RR hysteresis is
considered unimportant because of heart rate stability (8).

Further detailed facets should be researched to characterize
the physiology of QT/RR hysteresis more fully. Among others,
we have not investigated whether the hysteresis profiles are
different when QT interval durations respond to heart rate
accelerations and decelerations. Similarly, the influence of
heart rate levels is not known, i.e., whether the hysteresis
profile is the same for, say, heart rate acceleration between 50
and 60 and between 80 and 90 beats/min.

A number of limitations of this investigation should also be
considered. Our data were restricted to daytime hours in only
40 subjects. It is well known that the QT/RR relationship is
different during the day and night (7, 15), and the same might
apply to QT/RR hysteresis. The restriction of our data prevents
us from commenting on such a possibility. Furthermore, we
have confirmed the individuality of the QT/RR hysteresis by
studying parameters of the exponential decay model. Although
this model was previously reported in a study of cardiac
patients (25) and corresponds well to the patterns previously
observed in experimental studies with fixed rate pacing (11), it
is not guaranteed that it is the truly optimum model for the
description of QT/RR hysteresis in healthy subjects. It is
possible that with different models, the intrasubject stability
would be further increased. In other words, the individuality of
the hysteresis can only be stronger compared with what we

QT/RR HYSTERESIS

found in this investigation. Despite the validation of the sta-
tistical evaluation of intra- and intersubjects SDs with the
maximum noise levels, standard statistical analysis of variance
would have been preferable. The data restriction to three
repeated recordings in each subject prevented us from employ-
ing these standard tests. A different model might also influence
our conclusion on the difference between interval- and time-
based hysteresis. Also, the range of ages of the subjects of this
study was rather narrow, and, therefore, we were unable to
relate the hysteresis profiles to age. Similar to other regulatory
mechanisms (5, 9), the influence of age might be expected. In
addition, the population of the study was not massive, which to
some extent restricted the statistical power. It is possible that
with a larger number of subjects, statistically significant sex
differences in the hysteresis profiles would be found. In any
case, however, these would not be as marked as the differences
in QT/RR profiles {19) and in the heart rate correction param-
eters that we easily detected in this investigation. Since we
have neither distinguished QT/RR hysteresis linked to heart
rate acceleration and deceleration nor studied hysteresis
changes during the day, we are unable to comment on the
possibility of such differences. Finally, several of the numeri-
cal parameters used during ECG processing (e.g., the 6-ms
agreement limit for separate readings between the two cardi-
ologists) were derived from previous experience (21), as well
as reflecting an ECG measurement practicality. We are unable
to comment on the influence of these particular settings on the
overall ECG measurement process.

Despite these limitations, the investigation shows very con-
vincingly that the profile of QT/RR hysteresis, i.e., the speed
with which the QT interval adapts to heart rate changes, can be
reliably assessed in long-term ECG recordings. The profile of
the hysteresis is highly individual with intrasubject stability
and intersubject variability. The characteristic of QT/RR hys-
teresis is independent of the static QT/RR relationship and
should thus be treated as a separate physiological process. The
combination of the individual-specific heart-rate correction
with the individual-specific hysteresis correction of the QT
interval is likely to lead to substantial improvements in the
precision of studies of cardiac repolarization.
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Abstract A number of morphological indices have been proposed to characterize electrocardiographic patterns of
ventricular repolarization mostly studying spatial and temporal patterns of T waves. Comparisons
between different clinical populations exist but data on the suitability of the T-wave descriptors to
characterize and quantify physiologic regulations of ventricular repolarization are lacking. To initiate
such investigations, a study was conducted comparing the influence of provoked heart rate changes on
the duration of QT interval, the roundness of T wave loop expressed by the relative T wave area, and on
the 3-dimensional QRS-T angle. A population of 40 healthy subjects (18 women, mean age 30.4 £8.1
years) was studied. In each subject, provocative tests involving changes from sirict supine to
unsupported sitting and to unsupported standing positions were repeated twice during each of 3 separate
monitoring days. Continuous 12-lead electrocardiograms were obtained during the provocative tests.
The speed of the adaptation of the repolarization descriptors to heart rate changes was characterized by
A parameters of previously published exponential decay model of R-R interval related hysteresis. The
comparisons showed that the adaptation of QT interval to heart rate changes was much slower than that
ofthe investigated T-wave morphological descriptors: the mean (SD) valies of A parameters were 5,01
+ 1.13, 12.72 & %.66, and 12.90 £ 11.37 for QT interval, QRS-T angle, and relative T-wave area,
respectively (£ <001 for the difference between QT interval and both morpholo gical descriptors). The
smdy suggests that the different munerical quantifiers of vertricular repolarization that may be derived
from standard electrocardiographic tracings likely represent separate and distinct physiologic entities.
© 2010 Elsevier Inc. All rights reserved.

Introduction Several of these novel characteristics of ventricular
repolarization were reported to carry diagnostic and
prognostic information not only in patients with congenital
repolarization abnommalities™ but also in patients with
acquired cardiac disease such as survivors of acute
myocardial infarction'” or more generally in patients with
documented ischemic heart disease.'' Some of the measures
were also mvestigated in varous epidemiologic sdies and
reported to carry prognostic information in general
population.'*

In spite of this progress in applied cardiography, the
. . . detiled understanding of repolanzation electrophysiology is
simple calculations of arcas under the T wave in selected ) ) o agvanced. The relationship between the different
electrocantiogmphic (ECG) leads™ up to the 3-dimensional ECG-based chamcteristics is largely unknown and it has not

(3D) reconstruction of the vectorcardiographic T-wave loop oo poer firmly established whether the different descrip-
{mostly using the algorithms of singular value decomposi- tors relate to different facets of the same physiologic

- - - - 56
tion) and quantification of its chamacter, processes or whether they represent different atributes
with distinct physiologic background.

Detailed electrocardiographic chamacterization of ventrie-
ular repolanzation is still a matter of debate. In addition to
the simple measurement of electrocardiographic (ECG)
intervals, such as the QT interval, the T peak—to-T end
interval, JT interval, and others,"” a number of numerical
characteristics have been proposed with the aim of gaining
further insight into the physiologic properties of repolariza-
tion processes as well as into the distinction between normal
and abnormal repolarizaton in different clinically well
defined populations. These additional measures range from

* Comesponding suthor. St. Paul's Candiac Electrophysiology, London, ‘ To ﬁ‘II this gap in our k_nm‘»rl-:bdgc, focused ‘phy!ilﬂ-ljﬁ-
16 Verulam Avenue, Furley, Surrey CRS 3NQ London, England. gic studies are needed concentrating on the behavior of dif-
E-mail address: katerina hnatkova@ btinternet.com ferent repolarization charactenstics under various conditions.

22-0736/% — see front matter © 2000 Elsevier Inc. All Aghts reserved.
doi: 10,1016/} electocand 201 0.06.003
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Hoping to contribute to this field, we are reporting on a
study that investigated sclected descriptors of venmcular
repolarization ina populaton of healthy subjects of both sexes
and studied their adaptation to heart rate changes due to
AUDNOMIC Provocations.

Methods
Population

For the purposes of the mvestigation, data were available
from a sample of 40 healthy subjects (18 females, mean age
304 + 8.1 years). Male subjects were marginally younger
(28.9 + 6.7 years) than female subjects (32.3 £ 19.4 years)
but this difference did not reach statistical significance. At
the study onset, all subjects had a normal physical
exammation and normal resting 12-lead ECG. The mvest-
gation was a part of a larger study that was approved by the
ethics commitiee of the clinical facility. All subjects gave
informed written consent.

Investigation

Each subject was studied at 3 separate days with gaps of
approximately 3 weeks between repeated sessions. Con-
stant environmental conditions of the mvestigations were
strictly mamtained.

At each session, each subject underwent two provocative
tests repeated after approximately 2 hours. The fimst and
second tests were always performed at the same time of the
day in the given investigation Session.

One half of the population performed provocative
postural test composed of 10 minute strct supine position
followed by 10 mimutes of undisturbed and unsupported
sitting position, followed by 10 minutes of strict motionless
standing position, followed by 10 minutes of strict supine
position (test 1). The other half of the population performed
similar provocative tests using a different order of the
positions, namely, 10-minute strict motionless supine
position followed by 10 minutes of motionless standing,
followed by 10 minutes of unsupported disturbed sitting,
followed by 10 minutes of motionless supine position
{test 2). In each test changes between the individual
positions were completed within approximately 10 seconds.
During the tests, the subjects were kept free of any external
disturbance and wvisual contact between study subjects
investigated at the same time in the same room was avoided.
The subjects were not permitted to fall asleep while in the
supine positions.

Electrocardiographic recordings

During the tests, continuous 12 lead electrocardiograms
were obtained using SEER MC Version 2 recorders (GE
Healthcare, Milwaukee, WI) with signals stored electro-
nically for further processing. Mason-Likar positions
of ECG leads were used and exactly the same lead
placements were reproduced in each subject durnng the
repeated sessions.

Electrocardiographic processing

The ECGs that were initially recorded with a 250 Hz
sampling frequency were spline interpolated and resampled
at 1 KHz. The continuous recordings were divided into
10-sccond segments with each subsequent segment over-
lapping the previous segments by 5 seconds. In each such
10-sccond segment, individual QRS positions were ident-
fied and representative median waveforms constructed for
each ECG lead.

In each segment, the average R-R interval was caleulated.
In the representative median waveforms, the global QT
interval was measured using the pattern matching algonthm.
These measurements were subsequently visually checked
and manually corrected using detailed quality assurance and
reconciliaion system as previously described ''®

The representative median waveforms of each 10-second
segment were further processed by singular value decom-
position to obtain optimized 3D representation of the QRS
and T-wave loops."”” From these, the 3D angle between
the QRS and T-wave loops was calculated and expressed
in degrees, and from the 2-dimensional projection of the
T wave loop, the roundness of the loop was expressed
using the concept of the relative T wave area. Calculation
was based on previously published technology.'™'#

Data evaluation

The ECG recordings obtained in repeated tests of the
same subject were synchronized in respect of the beginning
of the test and average values of R-R interval (or heart rate),
QT interval, QRS-T angle, and the relative T-wave area
were obtained for each 10-second mterval of the 40-minute
period of the test, moving these intervals in S-second steps.
Subsequently, these sequences were aligned for different
subjects and in the subgroups of women and men who
performed provocative test 1 and 2, the absolute values of
the measured indices were averaged and displayed
including the standard erors of mean within the given
groups of subjects.

In each subject, the difference in the measured
parameters was also calculated from the average of the
baseline value within the mitial 10-minute supine penod,
and these relative changes were again obtained for each
10-second interval in 5-second steps. These relative changes
of the nvestigated parameters were displayed in the same
way as the absolute values.

To investigate the dynamic changes of QT interval,
QRS-T angle, and relative T-wave area in response to the
provoked heart rate changes, hysteresis loops were con-
structed between the group averages of R-R intervals and
group averages of the repolanzation related parameters.
These constructions were made for the groups of women and
men performing tests 1 and 2 and used sequential seatter
diagrams between the time synchronized sequences of mean
R-R mtervals and mean values of repolanzation parameters.
The widths of the hysteresis loops were judged visually.

To express the hysteresis profile of the individual T wave
parameters numerically, previously published exponential
decay model'™'"™ was used in combination with lnear
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Fig. 2. Relative changes in measured pammeters during the provocative tests. In each subjeat, the melative chanpge was caleulated as the difference from the
individual avemge of the values measured during the initial supine position of the test. In cach panel, mean values in subgroups of women and men ane shown
together with the standard error of memn. The values are shown for indbidual 10-second segments moved in S-second steps. The top pancls show heart rate
changes, the heart mte values were derived from the measured values of 10-second avemges of R-R intervals. The timing ofthe displays starts in the middle of the
initial supine position of both provocative tests. The left and right panels correspond to provocative tests 1 and 2, respectively. Red (lighter) and blue (darker)

marks correspond to women and men, respectively.
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regression model between cach T wave pammeter and
R-R interval. For each subject and for each of the three T-
wave parameters, a hysteresis coefficient L was found
leadmg to the lowest regression residual of the lnear

regression model.

Scatter diagrams of the hysteresis coefficients L for the
different repolanzation parameters were constructed using
the individual values in separate study subjects.

Statistics

The values of hysteresis coefficient . were compared
between different study subgroups and between different
repolanization parameters using unpaired and paired 2-tailed
f tests. Pearson correlation coefficients were used to evaluate
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the relationship between hysteresis coefficients of different
repolarization deseriptors. P < .05 was considered statisti-
cally significant.

Resulis

Provocative tests 1, that is, the postural sequence supme
—s siting — standing — supine was followed by 8 women
and 12 men, whereas the provocative test 2, that is, the
sequence supine — standmg — sithing — supine was
followed by 10 women and 10 men.

Absolute and relative values of the mvestigated para-
meters are shown in Figs. 1 and 2. Somewhat surprisingly,
the postural changes between supine and standing posiions
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Fig. 3. Hysteresis loops of the R-R interval related changes of repolarization parameters. Each panel shows sequential scatter diagrams between mutually time-
wise cormzsponding 1 0-second avemges of B-R intervals and the repolarization descriptors measured in median representative beats of 10-second BCG segments.
The large closed marks comrespond to the relatively stable episodes of individual postural positions, the small open marks correspond to the transition periods.
Red (lighter) and blue (darker) marks comspond to women and men, respectively.
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led to faidy substantial differences in heart rate (Fig. 2). The
graphs in Figs. 1 and 2 also indicate that the QT interval
duration followed the heart rate changes with a more
prolonged dme lag than the other repolanzation parameters.

This observation was confirmed by the construction of the
hysteresis loops shown m Fig. 3. While the hysteresis loops
of the QT interval were relatively wide, the hysteresis loops
of the relative T wave area and, in particular, of the QRS-T
angle were much namower indicating much faster respon-
siveness of these repolanzation descriptors to the provoked
heart rate changes.

The graphs in Figs. 1-3 also show that the calculations
of the relative T wave arca was less stable than the
measurements of the QT interval and caleulation of the
QRS-T angle which produced much smoother graphs.

The difference between the heart rate hysteresis of the QT
interval and of the other repolarizaton descriptors was
documented objectively by statistical comparison of the
numerical hysteresis coefficients. Although we have not
observed any differences in these coefficients between the
populations performing tests 1 and 2 and also no statistical
significant differences between women and men, the values
of the 4 parameter of the heart rate hysteresis of the QT
interval, QRS-T angle, and relative T wave area were 5.01 +
1.13, 1272 + 8.66, and 12.90 £ 11.37, respectively
{complete calculations were not available in 7 subjects in
whom the exponential decay model of the relative T-wave
area did not converge). The differences between the &
parameters of the QRS-T angle hysteresis and of the relative
T wave arca hysteresis were not statistically significant but
the N coefficients of the QT/heart mte hysteresis were
statistically significantly lower than those of the other factors
(P < 001 in both cases).

Fig. 4 shows the scatter diagrams between the individual
A coefficients corresponding to the different repolanzation
descriptors. Substantial spread of the wvalues in the
population 1s obvious and the figures also show that
hysteresis factors were wunrelated between the different
repolarization parameters. This was confirmed by the
correlation of Pearson correlation coefficient (QT interval

593

A vs relative T wave area A, r = 0.115; QT interval 4 vs
QRS-T angle 4, r = 0332, QRS-T angle 4 vs relative
T wave area 1, r = 0.264; all n = 33). None of these was
statistically significant.

Discussion

The result of the study suggests that during autonomic
provocations, the investigated repolanzation characteristics
exhibit remarkably different dynamics. Although the QT
interval adapts to the changes in heart rate rather slowly, the
adaptation of the other nvestigated factors, and of the QRS-
T angle in particular, appeared to be much faster with only
very little tme delay. This might suggest that the 3-
dimensional properties of the T-wave loop are related to a
principally different physiologic processes than those
drving the duration of ventricular action potentials and
translating into the duration of QT interval. The nature of
such underlying physiological processes 15 well beyond the
scope of our present study and can only be, at present,
speculated on.

As far as we are aware, there are no other studies
available with which we could compare these principal
results of this investigation. MNevertheless, secondary
observations, such as the sex difference m the 3D QRS-T
angle and its heart rate dependency, are in good agreement
with previous publications and data obtained from wvery
different populations.”™"

Some of our observations also suggest hypotheses that
might be worth mvestigating in more focused way in
subsequent studies. For instance, a detailed comparison of
the hysteresis loops shown in Fig. 3 appears to suggest that
there are hysteresis differences between heart rate acceler-
ation and deceleration and that these differences are more
pronounced for the rapid adaptaton of the QRS-T angle than
for the slower adaptation of the QT mterval duration.

This observation might actually help with the interpreta-
tion of our results. When describing the heart rate driven
hysteresis of the different repolarization factors, we are not
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necessanly proposmg that the heart rate 1s the only covariate
which drves the properties of ventricular repolarizaton.
Postural provocative maneuvers lead to marked changes
in sympathovagal balance which is the true background of
the heart rate change. It is possible if not likely that the
autonomic changes have direct mfluence on ventneular
repolanzation independent of their influence on heart rate
and that wvagal and sympathetic surcharges influence
ventricular repolanzation not only in an opposite way but
also with a different dynamics,

Although this study seems to provide a useful guide for
further investigations, it also suffered from important
limitations that need to be considered. Different samples of
subjects were investigated m postural test 1 and 2. Since
there has been previously deseribed that the charactenstics of
repolanzation dynamics are highly mdividual, we cannot
be absolutely certain that the inter-subject differences did
not influence our results. Future studies of this kind should
avoid using parallel comparisons between provocative tests
more active on sympathetic and vagal charges. Cross-over
design should provide better compansons. Individual-
specific relationship of different repolanzation descriptors
to heart rate has been litile studied ™ We have therefore
used only simple lnear models between R-R mtervals and
the QRS-T angle and relative T-wave arca. These hnear
regressions are not necessanly optimal in all cases and might
have contributed to some increased vanability in our data. It
15 also not obvious whether the exponential decay model that
was previously found to characterize well the QT/R-R
hysteresis'™'? is appropriate for the study of the hysteresis of
the other repolanization characteristics, [tis very unlikely that
the farly large difference between the hysteresis character-
istics found for the QT interval and for the other
repolanzation factors was caused by this model (smee the
difference 18 very obvious without any mathematical
claborations directly from the hysteresis loops shown in
Fig. 3), but the design of a more accurate technology for
studying the heart rate hysteresis of various ECG based
factors is clearly warranted. Indeed, although Fig. 3 may
suggests differences in the speed of heart mte adaptation
between the QRS-T angle and the relative T-wave area, we
have not documented this numerically, possibly because of
poorly focused technology. Finally, although we can only
speculate on the differences between the dynamics due to
heart rate acceleration and heart rate deceleration, the data of
this study and the analytical techmiques at our disposal were
not sufficiently robust to determine these differences
objectively. In addition, we have sclected the QRS-T angle
and relatve T-wave area since these were previously
proposed to carry prognostic risks in cardiac patients'™'®
The dynamies of other repolarization parameters (among the
large spectrum of previously published suggestions) might
also deserve similar investigations.

In spite of all these Imitatons, the study seems to
document convineingly that the dynamics of different ECG
based descrptors of wventricular repolanzation s very
different. This suggests that the different numerical quant-
fiers that can be derived from standard ECG tracings likely
represent separate and distinet physiologic entities.
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2.1.3. Klinicka diagnostika syndromu dlouhého intervalu QT — komentar k souc¢asnym
poznatkiim

Jak jiz bylo uvedeno vyse, diagnéza LQTS je klinicka, a to ptes veskery pokrok
v molekularné genetické diagnostice. Vzhledem k tomu, Ze klidové hodnoty intervalu QT
mohou byt normalni, byla navrzena fada provokacnich testi. Na naSem pracovisti dlouhodobé
vyuzivame bicyklové ergometrie, pilotni data jsme publikovali v roce 2000 (18). Tento
pfistup byl potvrzen dvéma neddvno publikovanymi studiemi. Ty potvrdily, ze hodnota QTc
nad 480 ms ve 4. minut¢ restituce ergometrického testu ma 100% senzitivitu pro identifikaci
nosic¢li mutaci genit KCNQ1 a KCNH2, které jsou u pacientt s diagnézou LQTS nalézany
nejcastéji (19, 20). Vysledky obou studii vedly dokonce k tipravé Schwartzova
diagnostického skore (Tab 1) (21).

Tab 2. Skoére pro diagnostiku LQTS (upraveno podle Schwartz et al., Circulation 2011)
Body

EKG nalezy

A. QTc (dle Bazetta) >480 ms 3
460-470 ms 2
450 ms u muzi 1

B. QTc ve 4. minuté restituce zatézového testu >480 ms 1

C. Torsades de pointes 2

D. Alternans T viny 1

E. Dvouvrcholova T vina ve 3 svodech 1

F. Nizka TF pro danou vékovou skupinu (u déti) 0,5

Osobni anamnéza

A. Synkopa pii namaze 2

bez vazby na ndmahu 1

B. Vrozena hluchota 0,5

Rodinna anamnéza

A. Jasna diagnoza LQTS u pfimého piibuzného 1

B. Nahl¢ umrti ptimého ptibuzného pied 30. rokem 0,5

Hodnoceni: <1 bod — nizké pradépodobnost diagndzy

1,5-3 body - sttedni pradépodobnost diagndzy

>3,5 body — vysoka pradépodobnost diagnozy
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Otevienou otazkou zlistava popis zatézove zavislého chovani T viny. Publikovali jsme
pozorovani zatézove zavislého rozvoje dvouvrcholové morfologie T vin (viz ptiloZzenou
publikaci nize). Souhrnné pak byla publikovana data celého naseho souboru (viz dalsi

ptiloZzenou publikaci).

Novotny T, Sisdakova M, Kadlecova J, Floridnova A, Semrdd B, Gaillyova R, Viasinova J
Chroust K, Toman O. Occurence of notched T wave in healthy family members with the
long OT interval syndrome. Am J Cardiol 2004;94:808-811.

IF 3,14. Citovano 2x ve Web of Science.

(publikovana piivodni prace - kvantitativni podil uchazece 30 % - koncept, koordinace prace

zucCastnénych pracovist, vysetfovani pacientl, analyza dat, text publikace)

Prace popisuje zatézi vyvolany vyvoj dvouvrcholovych vin T, jejich rizné morfologie a
korelaci s geneticky potvrzenou diagnézou LQTS. Vysledky naznacuji, Ze néktery typ
dvouvrcholovych vin T mize byt oproti piivodnim ptedpokladiim obecnym diagnostickym

znakem vice genetickych typt LQTS (tedy nejen LQTS2).

45



Occurrence of Notched T Wave in Healthy Family
Members With the Long QT Interval Syndrome

Tomas Novotny, mb, Martina Sisakova, mp, Jitka Kadlecova, RND, Ph,
Alena Florianova, mp, Borivoj Semrad, Mp, phb, Renata Gaillyova, mp,
Jitka Vlasinova, mp, Karel Chroust, RND, Ing, PhD, and Ondrej Toman, Mp

The notched T wave is considered 1 of the diagnostic
signs of long QT interval syndrome (LQTIS). The in-
vestigators report observations of notched T waves in
noncarrier members of families with LQTIS and com-
pare the exercise-induced dynamic behavior of these
complex T-wave patterns in mutation carriers and
noncarriers of 3 families with LQTIS. ©2004 by
Excerpta Medica, Inc.

(Am J Cardiol 2004;94:808-811)

he aims of this study are to determine the prev-

alence and specificity of notched T waves in
LQT1 and LQT2. to assess rate-dependent (exer-
cise-induced) characteristics of notched T waves,
and to correlate types of notched T wawves to LQT1
and LQT2 genotypes.! Here, we report our prelim-
inary observations of the occurrence of T- and
U-wave fusion mimicking notched T waves in
healthy members of families with long QT interval
syndrome (LQTIS).

The study population mncluded 18 members of 3
unrelated families (fapuly 1: 6 female and 3 male
members; family 2: 3 female and 2 male members;
family 3: 2 female and 2 male members) with genet-
ically established diagnosis of LQTIS (Table 1). In
family 1, 5 patients were carriers of KCNQ1 mutation
G973A; 1 fanualy 2, 1 patient was a carmer of KCNQ1
mutation C926T;2 and m family 3. 3 patients were
carmers of HERG-KCNH?2 mutation C1600T. In each
family, =1 patient presented with syncope or aborted
cardiac arrest At the time of investigation, only 1
patient was on a 3 blocker. The control group con-
sisted of 18 age- and gender-matched healthy patients.
Informed consent was obtained from all the investi-
gated patients.

All patients underwent bicycle ergometry to obtain
electrocardiographic recordings in different adrener-
gic states. The Mason-Likar modification of standard
12-lead electrocardiography was used. and the elec-
trocardiograms were stored electronically (CardioSys

From the Depariment of Cardiclogy, University Hospital Bmo Bohu-
nice, Bmo; the Deparment of Madical Genafics, University Hospita
Brno, Bmo; and the Department of Genefics and Malecular Biclogy,
Faculty of Science, Masaryk University, Bmo, Czech Republic. This
research was supported by Grants MNA 5718-5 and MNA 7424-3 from
the Intermal Grant Agency of the Minisiy of Health, Czech Republic,
Prague. Dr. Movoiny's addrass is: Depariment of Cardiclogy, Univer-
sity Hospital Brno Bohunice, Jhlavska 20, 625 00 Bmo, Czach
Republic. E-mail: novolmy-#@seznam.cz. Manuscript received January
26, 2004; rovised manuscript received and acoepted May 26,
2004.
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AGURE 1. Classification of T-wave morphology was adapted
from Lehmann et al® and Lupoglazoff et al*: notched T waves,
also called bifid or humps, were defined as bulges or profuber-
ances just the or on the descending limb of upright
T wave':. Tm; orq;re:tuhemnces were (urlfd T2, mdL?rl'E
immediately preceding T waves were called maximum T1. The
noiched T-wave patierns were assigned fo 2 types: type 1 when
T1 = T2 and type 2 when T1 < T2.

version 2.5, Marquette Hellige GmbH. Freiburg,
Germany). The protocol started from a workload of
0.5 Wkg and was increased by 0.5 W/kg every 3
minutes to reach the heart rate estimated for submaxi-
mal workload according to age and gender. A macro-
scopic T-wave pattern was assessed in all 12 leads by
2 blinded. independent observers before exercise, at
peak exercise. and m the first and sixth minutes of rest.
The defimition of T-wave morphology was adapted
from Lehmann et al® and Lupoglazoff et al*: notched
T waves, also called bifid or humps. were defined as
macroscopic bulges or protuberances just beyvond the
apex or on the descending limb of upright T waves.
The bulges or protuberances were called T2 and the
mmmediately preceding T waves were called maxi-
mum T1. The U wave was defined as a completely
distinct wave after T2 arising either from the 1soelec-
tric line or not >0.1 mV greater than the isoelectric
line. A subsequent P wave had to arise from the
1soelectric line after a preceding U wave, or such an
electrocardiogram was excluded to avoid false assess-
ment in case of U- and P-wave fusion. Notched T-
wave patterns were assigned to 2 types: type 1 when
Tl = T2 and type 2 when T1 < T2 (Figure 1).

The evaluation of T-wave patterns was possible for
95% of electrocardiograms. and interobserver concor-
dance was 100%. All the investigated patients reached

0002-9149/04/ $—s=e front matter
doi:10.1014/j.amjcard. 2004.05 070

46



TABLE 1 Clinical Characteristics of Study Subjects |n = 18]
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Age lyrs) 25 = 17 1+ 16 B+ 10 cardiographic recordings. Remark-
Men/ women 2/4 1/2 4/5 ably. as mentioned previously. none
Baseline GiTc s} 0.48 = 0.05%1 0.46 + 0.0346%1 0.42 + 0.0241 of them was a mutation carmer. In
Sﬂ“’ ':i'l:':':"di“‘: arrest 3 I 0 affected members of the 2 LQT1
B-tlocker therapy 1 0 0 1 .
Nomber of mutanons 2 1 0 famulies, no notched T waves oc-
curred.
*L&T1 compared with LETZ wos not different. In LQT2 fan:ul}r 3 i 2 of 3 mu-
o <0.01 for patients with LET1s compared with noncarriers. tation carﬁers, tj-'pﬁ, 1 notched T
waves occurred at peak exercise
During 6 minutes of rest they
rest - . T
bollrs szavcioe peak xercise 1” min " min & min evolved type 2 notched T waves
[ (Figure 3 and Table 2).
' In the control group of 18 age-
ST | - — — A ad - .=
!_le |ruw ||r ] U\’H| |I~ ﬂ"]lrh [ | "_F wh" and gender-matched healthy patients,
[ I || | | b [ - no notched T waves were observed
. | N N ' durning exercise testing.
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In 6 of 18 members (affected and

| i I | noncarriers) of 3 families with LQ-
,f\ﬁ ‘ TIS, we observed notched T waves
i i some phase of exercise testing. In
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the first nunute of rest, all 6 of them
presented with type 1 notched T
waves. Then, during 6 minutes of
rest, these complex T-wave forms
evolved into type 2 notched T waves
in 2 patients. These were LQT2 mu-
tation cammers. In contrast. in the
other 4 patients, the broad-based,
type 1 notched T waves divided mto
distinctly separate T and U waves
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FIGURE 2. The occurrence of a broad-based type 1 notched T wave at peak exercise
ina h member of a family with LQT1. During 6 minutes of rest, the noiched T
wave divided info distincily separated T and U waves [elecirocardiographic sweep 50

during 6 nunutes of rest. None of
these 4 patients was a mutation car-
rier. Type 1 notched T waves are
prevalent but do not seem diagnosti-

mm/s, amplitude 20 mm /mV).

the heart rate estimated for submaximal workload
according to age and gender.

In the LQT1 famulies, type 1 notched T waves
were observed in 3 members of family 1 and in 1
member of family 2; the finding had zero specificity
for the identification of a mutation carrier. The
notched T waves occurred at peak exercise, and
while assessing the end of T waves as the return to
the 1soelectric line. the corrected QT intervals
reached marked pathologic values. Then, during 6
minutes of rest, these complex forms of T waves
divided into distinctly separate T and U waves, and
corrected QT interval walues were fauly in the
physiologic range in all 4 patients (Figure 2).

We hypothesized that in these cases, type 1
notched T waves originated from a fusion of T and U
waves at peak exercise. Therefore, we tried to extrap-
olate the nadir between T and U waves from the sixth
minute of rest retrospectively back to the peak exer-
cise electrocardiogram. Using this point as the end of

cally specific. Type 2 notched T
waves appear to be specific for
LQT?2 gene carriers. These observa-
tions provide preliminary data to fur-
ther the understanding of gene-mediated changes on
electrocardiographic repolarization parameters.

In LQTIS. i addition to QT interval prolongation,
a notched T wave constitutes 1 of the most striking
electrocardiographic abnormalities. Studies with Holter
monitoring have shown that notched T waves can be
observed 1 80% of patients with LQT2. This pattern
15 less common m patients with LQT1 and LQT3. It
was also found in 4% of healthy patients in control
groups.!* Good spectficity of type 2 notched T waves
for LQT2 was also observed 1 our study. In contrast,
it 15 not clear why noncarriers had type 1 notched T
waves (4 of 14 patients), whereas there was none in
the control subjects. QOur observations suggest that
these complex forms of T waves can originate from T-
and U-wave fusion The careful observation of T-
wave pattern changes over time may help avoid the
mcorrect diagnosis of LQTIS. It must be stressed that
with this sample size. the study 15 underpowered to

BRIEF REPORTS 809
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these cases, voltage gradients be-
tween 3 different layers of the ven-
tricular wall are responsible for the
) T-wave pattemn. It has been shown
s dli that exercise can amplify the notched

! T-wave morphology in patients with
LQTIS, especially those with LQT2 2
probably because of the mcrease m
the transmural dispersion of repolar-
i ization. This phenomenon has not
. been studied vet in an expenimental

& min

A .‘II Sl o LQT2 model Even fewer data are

| planation of exercise-mduced notched

| T waves in healthy patients. Besides
v the explanation mvolving the fusion
| of T and U waves we have proposed,

|I|' ~ available for the occcurrence and ex-

[ ‘j,';l: the notching could be a kind of exer-

Nt P W cise-dependent phenomenon Never-

L | theless, to date, there are no provoc-

atve maneuvers to distmgush T- and

A U-wave fusion from exercise-induced
N e notching.

One hundred vears after U waves

FIGURE 3. The occurrence of a type 1 nokched T wave in an LQT2 mutation carrier im-
mediately after the cessafion of exercise. During 6 minutes of rest, the T wave evolved
in fype 2 noiched T waves [elecirocardiographic sweep 50 mm/s, amplitude 20 mm/

mY].

were descnibed by Einthoven® their
origin 15 still debated'® The most
popular theory states that U waves are
caused by the delayed repolanzation
of the His-Purlanje system.!! How-

. ) ) ever, the small mass of the specialized
TABLE 2 Moiched Twave Type Occurence in Parficular Phase of Exercise Test conduction system may be insufficient
Rest to generate U waves. Nﬂ'ertl'leless, for
Rest Peak Exercise First Minuis Sindh Minute physiologic U waves, it seems to be
the most plausible hypothesis. Under
Tpr?ﬁ_l Tﬁ? Tpr?ﬁ_l T’:ﬁ}? Tﬁ'] T}I[EF[E TY[EF[] T}lr]iﬁ? pﬂﬂlDnglC fitions of acq 1 or
KNQ méson 0 0 0 0 0 0 0 0 congenital LQTIS, the so-called M
' fls may be ible for the m-
HERS mutation 0 0 0 0 2 0 0 5 ce sumaj, foESPC'ﬂSL e Lor the m
Mancamiars 0 0 4 0 4 0 0 0 scription of U waves
The mechanisms underlying T- and
Type 1 NT = type 1 noiched T waove; type 2 MT = type 2 noiched T wave. U-wave patterns and QT mterval du-

adequately account for a type II error. The presented
data must be considered as preliminary observations.

Although mutational analysis 15 not vet widely
accessible, various clinical investigations have been
used for establishing a diagnosis of LQTIS and for
nisk stratification. This approach enables a clinician to
decide on the proper therapy for a particular patient
before the results of mutational analysis are available.
The congenital forms of LQTIS have been shown to
be exquisitely sensitive to increased sympathetic ner-
vous system activity or to exogenously admunistered
catecholamines.* Therefore. electrocardiographic re-
cording 1s particularly helpful mn different adrenergic
states and 15 most easily obtained by exercise testing.
QT interval prolongation 1s often more pronounced at
peak exercise or immediately after its cessation.® T-
wave pattern assessment is the next logical step.

The cellular basis for complex T waves has been
demonstrated by expenmental studies with wedge prep-
arations used for pharmacologic models of LQTIS.” In

810 THE AMERICAM JOURNAL OF CARDICLOGY®  WVOL 94

ration are complex and mcompletely

understood. Different channels, regu-
latory processes, autonomic mfluences, serum electrolyte
levels, and regional differences of 10n channel expression
mn myocardium are hkely mvolved A differential re-
sponse of QT and QU mtervals to adrenergic stmmlation
has been described i patients with LQT1 1* Our obser-
vation of a fusion of T and U waves at peak exercise

suggests that structures responsible for these electrocar-
diographic features probably also respond differently to
adrenergic stimulation under physiclogic conditions.
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Abstract

Background: Classic symptoms of long QT syndrome (LOTS) include prolongation of (T interval
on electrocardiograph, syncope, and cardiac arrest due to a distinctive form of polymorphic
ventricular tachycardia, known as Torsade de Pointes. We assessed oceurrence of LQTS signs in
individuals from 30 Czech families with mutations in KCNQJ and KCNH2 penes.

Methods and Results: One hundred five individuals from 30 Czech families with LQTS were
genotyped for KCNQJ and KCNH2. The occurrence of typical LOTS signs (pathologic prolongation of
QT interval; syncope; cardiac arrest; Torsade de Pointes) was clinically assessed by exercise test with QT
interval analysis. Family history of sudden cardiac death was taken Statistical analysis was performed to
determine correlation of clinical results and mutation stams. KCNQJ gene mutations were found in 23
families, and KCNHZ gene mutations in eight families. Only 46 (70%) of the 66 mutation carriers had at
least two of the typical LQTS signs. The others were minimally or asymptomatic. From 39 noncamier
individuals, only 1 fulfilled the clinical criteria of LOTS diagnosis, another 4 had an intermediate
probability of diagnosis. The exercise test had 92% sensitivity and 93% specificity for LQTS diagnosis.
Conclusions: Incidence of classical signs of LOTS was not high in Czech carriers of KCNQ! and
KCNH2 mutations. Therefore, proper diagnosis relies on detection of symptoms at presentation. The
exercise test may be beneficial owing to its high sensitivity and specificity for LQTS diagnosis.

© 2012 Elsevier Inc. All rights reserved.
Keywords:

Exercise test; LOT syndrome; Mutation; Sudden cardiac death; Torsades de Pointes

Introduction

Long QT syndrome (LQTS) i characterized by an
abnormality in myocardial repolarization that leads to
typical changes on surface electrocardiogram (ECG),
including prolongation of the QT interval, morphological
changes of T waves, and appearance of the Torsades de
Pointes (TdP).! The global prevalence of LQTS has been
estimated at 12500 but is believed to be higher due to
missed diagnosis.”

¥ The research was supported by grant Mo, NS/104209-3 of the Intemal
Gmant Agency of the Ministry of Health of the Crech Republic.

*% The authors have no relationship to industry to disclose.

* Comesponding author. Department of Internal Medicine and Cardiol-
ogy, Univemsity Hospital Broo, Jihlavska 20, Broo, 625 00, Czech Republic.

E-mail address : novotmy-tisesnam. cx

0022-0736/% — see front matter © 2012 Elsevier Inc. All rights reserved.
http://de doiomg/ 10.1016/] jelectrocard 2012 05,004

Recent advancesin genotyping technologies have led to the
recognition of several genes associated with LOQTS. Not
surprisingly, genes encoding myocardial ion channels have
been implicated in LOTS family linkage analysis studies.” The
KCNQI and KCNH2 genes, encoding subunits of potassium
channels, are among the most frequently associated with
LOTS. The am of this sdy was to assess genotype—
phenotype correlaton in 30 Czech families with history of
LOTS and mutations in KCNQ and KCNH2 genes and to
evaluate exercise test contribution for the diagnosis of LQTS.

Methods

Study participants

A total of 105 members from 30 families with occurrence
of LQTS were included consecutively mto the study. All
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individuals underwent physical examination, ECG, and
exercise test. The probability of LQTS diagnosis was
established using the revised criteria suggested by Schwartz
et al.” Informed consent was obtained from all participants
and blood samples were taken for DNA isolation.

Exercise test

All the individuals were examined by bicycle ergometry to
obtain ECG recordings at different adrenergic states. A 12-
lead ECG with Mason-Likar modification was used (Mar-
quette-Hellige, CardioSys version 2.5). The initial stress was
set to 0.5 W/kg and increased by 0.5 Wikg every 3 minutes.

All ECGs were recorded as paper printings at the speed of
50 mm/s and voltage of 20 mm/mV. QT and R-R mtervals
were manually measured by 2 blinded investigators for the
periods of rest and for each of the first 6 minutes of the
recovery period. In most cases the QT interval was measured
in lead Vs, the other leads were used only when the end of T
wave could not be discriminate in this lead. The QT mtervals
were corrected for heart rate using Bazett's formula: QTe =
(QT/RR"? measured in seconds).”

Mutation analysis

Genomic DNA was isolated from the venous blood samples
of each study participant. The purified DNA was applied as
template to polymerase chain reaction with exon-specific
primers targeting the KCNQT and KCNH2 genes. The poly-
merase chain reaction products were screened for the presence
of mutation by the single-strand confbrmatonal polymorphism
method and temperature gradient gel electrophoresis.® Exons

were sequenced on an ABI PRISM 310 (Applied Bio-
systems, Foster City, CA, USA). The detailed methodology
for this procedure, including exon-specific primer sequences,
has been described elsewhere.”

Statistical analysis

Parametric data were analyzed by the F test for variance
and Student ¢ test. Nonparametric data were analyzed by the
Mann-Whitney U and Fisher exact tests.

Resulis
KCNQI gene mugations

KCNQI gene mutations (LQTS1) were identified n 22
families (Table 1). Forty-nine individuals were mutation
carriers (30 women; 19 men; mean age: 36,6 + 16,1 years),
and 30 had no mutation (21 women; 9 men; mean age: 404 +
11,9 years). Homozygous mutations of the KCNQJI gene
were found in 2 families, one of which was consanguineous.
Both of these familial cases had been described m detail
previously. "2 Six novel mutations were detected, and none
of these was present in the group of healthy individuals (n =
90) with no previous or current symptoms of LOTS. In 1
case yet undescribed, DNA mutation (e.1772G>C) resulted
in amino acid change published previously (pR591C). %!

The previously established LOQTS mutation, T3091
(CY926T), of the KCNQT gene was present in 5 fanulies. It is
located in the pore region and its estimated predictive value to
be a pathologic mutation is 96% according to Kapa et al. >

Table 1
List of mutations.
Grene Exon Regon Mucleotide change Amino acid change Referenoes
KCNOI 1 M-tem ©.453_454ins0CC p.PI51fsX14 -
3 S2.583 . 569G=T p-RI9OLT [8]
E! 4 . 674C>T p.5225L [9]
6 S5 . B05_819del P-265_273del -
[ Pore ¢ 916G=C p.GI0ER [&140]
7 Pore c9260=T p. 30015 [8.11]
7 Pore ¢ 935C>T p.T3121 [&,10]
7 Pore o M 0G=A p.G314S [8,12]
7 S6 c973G=A p.GIZSR [&13]
7 56 o I4BG=C p.GISOR [14]
13 C-term c. 1645 _1665del p-ME40_HS555de] -
14 C-erm c. 16B6G=C p.RS625 -
15 C-term ¢ 1760C-T p-TSETM [8,15]
15 C-term c 177264 p-RS91H [&7]
15 C-term c. 1772G=C pRS9IC -
16 C-term . 1831G=A p.D61IN [&]
16 C-term c. 1893 insC p P63 1fsX6507 [
KCNH2 E! M-em . 815C=T p.A22EY -
6 S1-582 . 13420=4 p-AMET -
7 4 ¢ 1600C=T pRS34C [15]
7 85 c 1T HG=A p.G5725 [16]
7 Pore c 1884C=T p.-Palzs [17]
7 56 ¢ 19191921 eI TCT p.Pedidel -
13 C-term e 3131G=T pRID4TL? [18]
14 C-term . 3161 delG p. TIOS4T X2 -

* Mutation found in 5 unrelated families.
T Homozygous mutations (2 families).
¥ Compound heterzyeosity mutations (1 family).
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n nomQT syncope TdP CA FH+ 2 sympioms

Fig. 1. Incidence of symptoms at initial examination in KCNQT and £CNH2 mutation carders. Total mum: number of investigated patients; nom QT number of
patients with normal Ce; TdP: Torsade de Pointes; FH+: number of patients with sudden cardiac death in family history; CA: mumber of patients who had
cardiac armest; 2 symptoms: patients with two or more LOTS symptoms at initial examination. The dark gy color represents the LOTT patients and light gray

the LOT?2 patients,

KCNH 2 gene mutation

The mutations of KCNH2 gene (LQTS2) were found in 7
familics (Table 1). We detected 15 mutation carrers (12
women, 3 mer, mean age 38,9+ 15.7). In 8 family members,
the mutation of KCNH2 gene was not found (6 women, 2
men; mean age, 48.7 + 17,9 years). One of the KCNH2 gene
mutations was novel.

Compound heterozygosity

In one family of 4 members, the compound heterozy gos-
ity of KCNQT and K CNH2 mutations was present (KCNQT -
pThi3091Le]), KCNH2: p[Argl04Theu]). We detected 2
mutation carriers—proband and his father, mother and older
brother were healthy.

Baseline clinical findings in families with KCNQI
gene mutations

The mean QTc at rest was longer m the mutation carriers
than in the non-mutation carrier family members (479 £ 57 vs
413+ 31 milliseconds, P<.001). Nevertheless, 11 pathologic
mutation carriers (22%) had physiological QTc at baseling
assessment, and only 36 patients (73%) had at least 2 typical
signs of LOQTS. Fig. 1 summarizes the incidence of symptoms
inmutation carriers. Moreover, the mean QYTc atrest was also
longer in symptomatic carriers than in asymptomatic carriers
(510 + 72 vs 459 + 32 milliseconds, P < 001).

According to Schwartz scores, only 32 mutation carriers
(65%) had a high probability of diagnosis, while the other
mutation carriers were minmally symptomatic or asymp-
tomatic (Fig. 2A). According to clinical symptoms (QTe 480
milliseconds and sudden cardiac death in family history),
only 1 woman among the non—mutation-carrier family
members had an intermediate probability of LOTS diagno-
sis, while another 2 were minimally symptomatic (Fig. 2B).

Baseline clinical findings in families with KCNH2
gene mutations

The mean QT at rest was longer in the mutation camiers
than in the non-mutation carrier family members (454 £47 vs
414 + 33 milliseconds, P < 001). Difference m QTe value
between symptomatic and asymptomatic mutation cames was
not statistically significant (482 + 56 vs 440 + 36
milliseconds). Six mutation carriers (40%) had normal QTe
value at start. Incidence of symptoms in mutation carrers 1s
summarized in Fig. 1. The probability of LOQTS diagnosis
according to Schwarte score In mutabion carriers IS summa-
nzed in Fig. 2A and in mutation noncarriers in Fig. 2B,

Baseline clinical findings in families with
compound heterozygosity

Both of the mutation carmers were asymptomatic. The
proband was mnvestigated due to palpitation and detection
of QTc prolongaton durng the 24 hours ECG monitor-
ing. The rest QTc value was 440 milliscconds, the longest
QTe from 24 hours ECG monitoring was 507 millisec-
onds. The other mutation carrer, the father, had QTe of
480 milliseconds initally.

Bicycle ergometry findings in families with KCNQ1
gene mutafions

The patients completed the bicycle ergometer test. [t was
possible to assess 95% of the resultant ECG prints, but 5%
were excluded due to obvious artifactual data.

Forty-cight (96%) mutation camiers were found to have
further pathologic prolongation of QTc during exercise test,
which increased the numencal values of their Schwarte
scores. Two non-carrier family members had pathologic
prolongation of QTc, as well The detected changes in QT
mterval are summanzed in Tables 2 and 3.
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3%

LaT2

dy.clin.border
2(20%) dy.clineg.
%)

Fig. 2. A LOTS diagnosis prohahility accomding to clinical symptoms at initial examination in pathologic mutation camriers, B. LTS diagnosis probability
according to clmical symptoms at initial examination in non-mutation carmers. (dg clin +: high probability of dingnosis according to clinical signs — Schwartz
scome = 3.5; dg clin neg low probability of diagnosis according to clinical signs Schwartz score < 1; dg clin border: intermediate probability of diagnosis

according to clinical zigns - Schwartz score 1.5-3).

Bicvele ergometry findings in families with KCNH2
gene mutations

The pathologic prolongation of QT interval during the
stress test was detected in 12 (80%) mutation carriers. In one
non carter family member pathologic prolongation was
observed too. The detected changes in QT mterval are
summarnzed in Tables 2 and 3.

Bicyele ergometry findings in families with
compound heterozygosity

The proband did not wndergo ergometry because of low
age and low body height The pathologic prolongation of
QTe interval was observed only in the father (510
milliseconds). The non carrier members—the mother and
the older brother—had physiologie QTe values.

Discussion

This study was designed to determine the genotype-
phenotype correlation in a small group of Czech patients
with LOQTS that was confirned by mutational analysis. It

represents the first systematic description of LQTS in-
dividuals in the central European regon.

Our data supported the previously published findings that
indicate a large proportion of LOTS mutation camiers an:
minimally symptomatic or asymptomatic. ™™ Therefore,
carcful climcal mvestigations and physician awareness are
important to identify LOQTS patients and reduced missed
diagnosis.>**" The bicycle ergometer test is a convenient,
noninvasive method used to evaluate the QT interval;
because it induces the adrenergic condition naturally and
modern ergometers can produce high quality ECG re-
cordings, it 1 considered acceptable by both patients and
treating physicians/institutions. ™ Another exercise equip-
ment-based method that 1s available 1s the treadmill;
however, this test produces more ECG artifacts due to
upper body movements,

Fifty-nine (89%) mutation carders produced further
pathologic prolongation of QTe during the exercise test in
this study. This stress test induced symptoms that increased
the numercal value of the individual’s Schwartz score.
Therefore, despite the known technical limitations of the
stress test, meluding determimnation of the T wave end and

Table 3

Table 2 QTc values in symptomatic vs. ssymptomatic mutation camiens.
(Tc values in mutation carmriears w. non-mutation family members. LQTI Symptomatic Arysgiountic P
LOTI1 Mutation carers  MNon-mutation family members P mutation carners mutation Camiers

n =44 n=39 n=20 n=23
QTc mst 0479 = 0057 0413 =0031 =001 QTc rest 0.504 = 0.069 0.455 £ 0.34 <001
QTc exercise 053 = 0.057 0426 £ 0020 =001 QTec exercise 0.540 = 0.062 0.504 + 0.047 = (5
LOT2 n=>5 n= 10 LOT2 n=>5 n=10
QT rest 0454 = 0047 0414 £ 0033 <001 QTc mest 0.510 £ 0.072 0.459 £ 0.032 A8
QTc exercise 04584 + 0045 0427 £ 0028 <001 QTc exercise 0.557 £ 0.066 0.516 + 0.044 04

Datn are presented as average = S0,

Data are presented as average = 5D,
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methodology of QT mterval correction, it was considered
to significantly contribute to establishment of clinical
diagnosss of LQTS. Moreover, in our study the stress test
helped to identify mdividuals with mereased sk of life-
threatening arrhythmias.

In Czech patients mutations of KCNQT gene were 3 times
more frequent than mutations of KCNH2 gene. On the
contrary the Danish registry has the opposite distribution. ™
Other groups report balanced proportion of both genes
mutations. ™ 1f these are truly regional differences or they are
rather caused by low numbers of investigated patients
remains to be established.

Original mutations were found in almost all families
evaluated m our study. The exception was the T3091
mutation of the KCNQJI gene, which has been previously
identified in other LOQTS populations. This variant was
present in S unrelated families in our study and it segregated
with the LQTS phenotype. While no functional studies have
yet been published for this particular varant, 1t 1s known to
be located in the pore region, where it 1s very likely to affect
pore function and LOTS. Morcover, the estmated predictive
value of this mutation was previously reported as 96%.
Further investigations should be conducted, however, to
determine whether T3091 is a founder mutation in ethnic-
specific populaton.

There are several limitations to be considered. The
technical problems were cited above for the ergometry test.
QTe measurements were made using Bazett’s formula. This
formula has wide acceptance and use, but 1t can overcorrect
and undercorrect for heart rates greater than 100 and 60 bpm,
respectively. ™ Other limitations of our study exist and
should be considered when interpreting our results. For
example, small group of patients especially in the LQT2
families which affected the statistical results. Also, none of
the novel mutations identified in our set of Czech LQTS
families have been investigated in functional studies.
MNevertheless, the phenotype-genotype correlations were
clear in most families, and we believe future functional
studies of mutated channels will provide insights mto their
functional effects in LOTS.

Conclusion

The incidence of classical signs of LOTS was not high in
the Czech KCNQJ! and KCNH2? mutation carriers. The
exercise test, using a bicycle ergometer, has high sensitivity
and specificity and may be a feasible and effective method of
diagnosis. Mutation analysis may still prove useful as an
additional means of nsk swratification.
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2.1.4. Molekularné geneticka diagnostika LQTS — komentar k sou¢asnym poznatkiim

V posledni dekade 20. stoleti doSlo k pfelomovému pokroku v chépéani podstaty LQTS na
molekularné genetické tirovni. V rychlém sledu bylo identifikovano nékolik geni, jejichz
mutace jsou zodpoveédné za rozvoj onemocnéni. Molekularn€ genetické vysetieni bylo
prezentovano jako uhelny kamen diagnostiky a fada pracovist’ po celém svéte provadéla
mutaéni analyzy v riznych souborech pacienti s cilem objeveni dalSich souvisejicich gend, at’
uz metodami vazebné analyzy ¢i kandidatnich genti. S pfibyvajicimi daty se vSak dostavilo
urcité vystiizlivéni. Dnes je diagndza postavena na klinickych zndmkéch a rutinni provadéni
mutacni analyzy bylo expertni skupinou odbornych arytmologickych spole¢nosti (22) u LQTS
doporuceno v nasledujicich piipadech:
- pacient s klinickym podezienim na LQTS (patologickd hodnota QT, + symptomy)
- asymptomaticky jedinec s QT nad 480 ms u déti, nad 500 ms u dospélych

- ptibuzny LQTS pacienta, u kterého jiz byla nalezena mutace

Raudenska M, Bittnerova A, Novotny T, Florianova A, Chroust K, Gaillyova R, Semrad B,
Kadlecovi J, Sisikovid M, Toman O, Spinar J. Mutation analysis of candidate genes
SCNIB, KCND3 and ANK? in patients with clinical diagnosis of long QT syndrome.
Physiol Res 2008;57(6):857-862.

IF 1,653, Citovano 3x ve Web of Science.

(publikovana plivodni prace - kvantitativni podil uchazece 20 % - koncept, koordinace prace
zucastnénych pracovist, hodnoceni EKG a identifikace vhodnych jedincti, analyza dat,

kritickd revize textu publikace)

Soubor vysetienych sestaval z 12 neptibuznych jedinci s klinickou diagnézou LQTS, u nichz
nebyly nalezeny mutace v 5 nej€ast¢ji postizenych genech. Prace obsahuje jejich podrobnou
klinickou charakteristiku a dale vysledky muta¢ni analyzy dalSich kandidatnich genii
kédujicich rizné proteiny iontovych kanalti myokardu. V zadném z nich nebyly nalezeny

kodujici varianty, které by mohly byt pfi¢inou LQTS.
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Summary

The long QT syndrome (LQTS) is a monogenic disorder
characterized by prolongation of the QT intenval on
electrocardiogram and synocope or sudden death caused by
polymorphic ventricular tachycardia (torsades de pointes). In
general, mutations in cardiac lon channel genes (KOMOI, KOVHZ,
SONSA, KOMEI, KOMWEZ) have been identified as a cause for
LQTS. About 50-60 % of LQTS patients have an identifiable LQTS
causing mutation in one of mentioned genes. In a group of 12
LQTS patients with no identified mutations in these genes we
have tested a hypothesis that other candidate genes could be
involved in LQTS pathophysiology., SOVIE and KOMD3? genes
encode ion channel proteins, AVMKZ gene encodes cytoskeletal
protein interacting with ion channels. To screen coding regions of
genas SCVIE, KENVD3, and 10 exons of AMK2 following methods
were used: PCR, SSCP, and DNA sequencing. Five polymaorphisms
were found in screened candidate genes, 2 polymorphisms in
KCvD? and 3 in SOVIE MNone of found polymomphisms has
coding effect nor is located dlose to splice sites or has any
similarity to known splicing enhancer motifs. Polymorphism
G246T in SOVIB is a novel one. Mo mutation directly causing
LQTS was found. Moleculzr mechanism of LQTS genesis in these
patients remains unclear.
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Introduction

The long QT syndrome (LQTS) 1s a monogemic
disorder characterized by prolongation of the QT interval
on electrocardiogram and syncope or sudden death
caused by polymorphic ventricular tachycardia (torsades
de pointes).

In general, nmitations i cardiac 1on channel genes
(KCNQI, KCNH2, SCN54, KCNEI, KCNE?) have been
identified as a cause for LQTS (Splawski e al 2000).
Recently, mutation i cytoskeletal protem gene ANED has
also been linked to LQTS m one French fanuly (Mohler et
al. 2003, 2004). About 50-60 % of LQTS patients have an
identifiable LQTS-causing mutation i one of the 5 most
prevalent cardiac channel genes (Tester ef al 2005). In the
others the disease mechanism remains unclear. The aim of
this study is to test the hypothesis that other cardiac 1on
channel genes could be mvolved m LQTS
pathophysiology: SCNIB gene encodes [l subumit of
carchac Na~ channel and plays an mmportant role in channel
mactivation (Wallace ef al 2002). KCND3 1s a gene that
encodes the K channel that underlies the potassium
transient outward current I, in the human ventricle (Dixon
et al. 1996). Targeted nutational analysis of ANKZ was
also completed.

Methods

Group of patients
The group of patients was recrusted from

PHYSIOLOGICAL RESEARCH =« ISSN 0862-5408 (print) * ISSN 1802-9973 (online)
© 2008 Institute of Physiclogy v.vi., Acadenty of Sciences of the Czech Republic, Prague, Czech Republic
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Table 1. Clinical characteristics of study subjects.
Patient Age Sex QTc Syncope Torsades de LQTS in Diagnostic
{ms) pointes family score (points)

IB 64 F 0.48 0 0 + 4

MK 62 F 0.5 + + + 7

MT 42 F 048 + 0 + 5

LP 13 M 0.47 0 0 + 3

MZ 25 F 0.5 + 0 + 5

MK 25 M 047 + 0 + 4

FPD 25 F 0.5 + 0 0 4

MD 58 F 0.54 + + 0 i)

JT 46 M 047 0 0 + 3

AL 20 F 0.49 + 0 0 4

M5 16 F 048 + + 0 5

SK 17 F 0.48 + 0 + 5

Sax: M — male, F - female, QTc — QT interval corrected to heart rate according to Bazett formula (QTc=QT/RRY?), diagnostic scoring:
2-3 points — intermediate probability of LGTS, 24 peints — high probahbility of LOTS.

25 unrelated mdividuals who were consecutively refemred
to the Department of Internal Medicine and Cardiology
with suspicion on LQTS. They were examuned clinically
wcluding bicycle ergometry. In all of them intermediate
or high probability of LQTS was present based on
diagnostic score (Schwariz ef al. 1993). In tlus scoring
system various point values are assigned to various
symptoms, a value of 2-3 indicates miermediate
probability and = 4 points indicates high probability of
LQTS diagnosis.

Informed consent was obtamed from all the
individuals and peripheral blood samples were taken
Mutational analysis of KCNQI, KCNH2, SCN54, KCNE]
and KCNE? genes was performed by methods published
elsewhere (Splawski er al. 2000). In 11 patients the
ECNQ1 gene mutations and m 2 patients the KCNH2
gene mutations were present. In the other 12 patients no
mutation in the above mentioned LQTS related genes was
found. These 12 mdividuals were subjects of thus study —
mutational analysis was extended to followmg genes:
SCNIB, KCND3 and exons 36-37 and 39-46 of ANK2
The bram-specific exon 38 was not analyzed in this
study. Clinical charactenistics of study sulbyects are
summarized i Table 1.

Genomic DNA Extraction and PCR

Genomuc DNA was extracted from samples of
peripheral blood according to the standard protocol using
DNA BloodSpimn Kit and the standard chloroform/ethanol

method. Eleven oligonucleotide primer pairs were used to
amplify coding area of KCND3. as proposed by Postma et
al. (2000), only the fifth segment of the first coding exon
had different reverse primer (GGT CAT CCA GCT GCC
CTC CAA CCT), which agrees with sequence of KCND3
in NCBI database (accession number NT 019273). Ten
primer pairs were disposed to amplify chosen exons of
ANK? (from 36 to 46 except 38). These primers were
taken from Mohler et al (2003). For the PCR
amplification of SCNI1B gene coding and UTR region
were suggested primers using Primer3 (Rozen and
Skaletsky 2000). (Table 2). Sequences of these primers
agree with sequence of SCNIEB in Ensembl database (©
2006 WTSI/ EBL, ENSGO0000105711).

SSCP analysis

For the analysis of KCND3 and ANK2 3l
aliquots of the amplified sample were mixed with 5 pl of
bromphenol blue loading dye, for analysis of SCNVIB 1 ul
aliquots of the amplified sample were mixed with 3 pl of
bromphenol blue loading dye and 6 pl of destilated water.
Samples were subsequently denatured by heating at 94 °C
for 5 mun and placed into cold water to avoid
renaturation. Then the samples were loaded on 9 %
(KCND3). 11 % (4NK2) and 10 % (SCNIB) non-
denaturing PAA gel. Electrophoresis was performed at
200 V and 10 °C for 3 h (KCND3 and ANK?) and at
120V and 18 °C for 12 h (all exons of SCNIB except
exon 3). Exon 3 was performed at 10 °C.
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Table 2. Oligonuclectide primers for detection of mutations in SCVIE.

Exon Size, bp Forward Primer Sequence Reverse Primer Sequence

1.1 250 bp S-GGTGCACCTAGCGGATGT-3' S-TATTAATAGCGGGGCGAGAG-3'
12 284 bp S-GCTCCCGGGGACATTCTA-S S-AACTTCTGAAGCTGACTTGG-3
2 186 bp 5-CTGTCCCCACAGTGTCCT-3 5'-CGCACACCTTGACAAACT-3

3 266 bp S-CTGGCTACCCCTAGATCCT-3 S-ACCCGACTCACCTTITGTC-3

4 200 bp 5'-CTGGGCTACCCCCTTAACC-3 5-ACCTCCCAGCCACCCTACT-3

5 196 bp S-GGTCTGATGATGGGGTCACT-3' S-GCAAGAGAGGGGGAATTAGG-3
6.1 267 bp F-CCTAATTCCCCCTCTCTTGC-3 5-AGCGGCAGTATTGCTTTACC-3
6.2 289 bp S-CACTTTCGCCTCCTCCAG-3 S-CGGAGTGGGTCCCAGAAC-3

6.3 275 bp S -GATGATGGGCTGGAGCAG-3 5-GGGGCTCACAATCGAAACTA-3

Table 3. Single nucleotide polymorphisms in SOVIE, KOVD? and AVKZ genes.,

Patient SCNIB KCND3 ANK2
I non non non
iI non C264T/non non
T IVS+15 G>T/non = G246 T/non non non
i IVS+15 G=T/non = G246 T/non C264T/non non
V non non non
I 11011 101 bilail
VI non C264T/C264T non
VI 11011 101 bilail
X non G669C/non non
X non non non
AT T9204C/T9204C. A9248C/A9248C non non
xXir non non non
DNA sequencing changes. were located close to splice sites or had any

Genomic DNA obtained from 12 unrelated
LQTS patients was screened for mutations in the coding
regions of the genes SCNIB, KCND3 and a part of the
gene ANK? using SSCP analysis. If we have found three
or four single strand bands m the SSCP patierns then we
have done sequencing with forward and reverse
sequencing primers. For purification of the amplified
samples MinElute PCR Punfication Kit (QIAGEN) was
used. For cvele sequencing we used Big Dye Termunator
Kit (Applied Biosystems) and for purification of samples
after cycle sequencing DyeEx2.0 Spin Kit (Qiagen).
Exons were sequenced by mstrument ABI PRISM 310
{Applied Biosystems, USA).

Results

The result of the mutation screening is listed
the Table 3. None of found SNPs led to amino acid

stmilarity to known splicing enhancer motifs.
Discussion

About 50-60 % of LQTS patients have an
identifiable LQTS-causing mutation in one of the five
most prevalent cardiac channel genes In the others the
pathophysiology remains unknown. Possible mechanisms
wclude involvement of other ion channels but also
regulatory and other proteins. Recently, possible link to
LQTS was found in several new genes: KCNJZ mutations
m Andersen-Tawil syndrome (Tawil ef al. 1994, Plaster
ef al. 2001), CACNAIc mutation in Tmmothy syndrome
(Splawski er al. 2005), C4AV3 and SCN4B mutations in
some LQTS patients (Vatta er al 2006, Medeiros-
Domingo ef al. 2007). These are either rare complex
neurological disorders (prolonged QT interval being not
the leading symptom) or there are only anecdotal cases.
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Thus it 1s still discussed if these diseases should be
wncluded among LQTS.

In this study we tested the hypothesis of other
ion channels mvolvement. Three candidate genes were
chosen for nutational analysis 1 12 patients with climcal
diagnosis of LQTS. KCND3 encodes the K™ channel that
underlies the potassium transient outward current I, in
the human ventricle (Dixon ef al. 1996). L, 15 especially
important during the early phase of repolarization, as it
sets the plateau voltage of both action potential (Tseng
1999).

In contrast to other genes, 4ANK? does not
encode an 1on channel but encodes a structural protein
called ankyrin B that 15 most likely mmplicated i ion
channels anchering to the cellular membrane. A clue to
the basis of this vanant emerged from a study by
Chauhan et al. (2000), i which sodium channel activity
was altered in mice lacking ankyrin B — not an 1on
channel protemn, but an adaptor protein that associated
with cytoskeletal mteractions. In this study, the ankyrin B
spectrin-binding domain encoded by exons 36 and 37 of
ANK? and the entire C-termunal domamn encoded by
exons 39-46 were screened. The bram-specific exon 38
and membrane-binding domain were not analyzed in this
study.

SCNIEB encodes the voltage-gated Na -channel
Bl subunit (SCN1B). SCNIB is expressed m brain,
skeletal mwscle and heart. The o subunit alone can
display functional channel properties. but requires the [
subumits to modulate Na -channel inactivation. Mutations
i Na“-channel genes are known to cause paroxysmal
excitability phenomena in skeletal muscle (myotonia,
peniodic paralysis) and heart (long QT syndrome)
(Wallace ef al. 2002). In the mutation database (Stenson
ef al. 2003) only one nwitation m the SCN1B gene has
been published. It 1s the substitution mutation C387G (on
protein level C121W). This mutation causes a disruption
of disulfide bridge and may alter the secondary structure
of the extracellular domain (Wallace er al. 2002).

In our study, two allelic variants were found n
KECND3  All  vanants were single nucleotide
polymorphisms (SNPs) in coding regions. None of the
coding SNPs led to anuno acid changes. was located
close to splice sites or had any similanty to known
splicing enhancer motifs (Lin er /. 1998). All SNPs in
ECND3 were described in normal population too (Frank-
Hansen at al. 2005). We assume that all the changes

detected in the LQTS patients were normal vanants.

No allelic variant has been found i ANE?gene.
Three allelic varants (all SNPs) were found in SCNIB
gene, two of them T92(4C and A9248C were detected
previously (Ensembl database, © 2006 WTSI / EBL
ID-ENSGO0000105711), G246T has not been published
vet. By the help of ESEfinder Release 2.0 (Cartegm ef al.
2003) we have found that G246T and T9204C
substitution does not have any mfluence on DNA
splicing. The substitution A9248C causes loss of one
binding place for SC35 and SRp40 splicing proteins.

The fact that no mutations have been found. can
have several reasons. The SSCP methodology can detect
88 and 90 % of mutations (Fodde and Losekoot 1994)
and therefore we can not fully exclude the presence of
mutations within analyzed genes in these individuals. The
SSCP method 1s sensitive for the detection of pomt
nmitations or small deletions, but it can possibly nmss
large deletions. The SSCP method is the most widely
used screeming method because of its relative simplicity
and low costs. Compared to more advanced methods,
such as TmHPLC (Temperature Modulated High-
Performance Liqud Chromatography) the SSCP has
relatively low sensitivity.

LQTS causing mutations could also present in
such regions of 1on channel genes which are usually not
examined. Altematively, mtronic mutations of mutation
i the promoter and regulatory regions could be
tesponsible for the disease symptoms. The possibality of
other than ion chamnel genes bemg involved in the
etiology of the long QT syndrome should not be refused.
because of huge genetic heterogeneity of tlus disorder
(see the above mentioned genes with recently discovered
possible link to QT mtferval prolongation). This
heterogeneity makes genetic testing nmch more difficult
than in case if a single gene were responsible for the
disease.

Molecular mechamsm of LQTS genesis m our
group of patients remains unclear.
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2.1.5. Polékovy syndrom dlouhého QT intervalu

Novotny T. Proarytmické ucinky nekardidlnich Iékii na podkladé prodlouZeni intervalu QT.

Kardiol Prax 2004;2:119-122.
(publikovana piehledova prace)

PROARYTMICKE UCINKY NEKARDIALNICH LEKU NA PODKLADE
PRODLOUZENI INTERVALU QT

Tomas Novotny

Proarytmie - vyvoldni nové arvimie nebo zhorseni jiz pritomné arvimie terapeatickou divkou lécéiva - je jiz dlouho znima
u antiarvtmik. Projevaje se v driive vétsiné pripadd prodiouzenim QT intervalu a komorovou aryimin forsade des poines,
kterd mize pacienta i usmriit - hovofime o polékovem syndromu dlouheho QT intervalu. ¥ posledni dobé byla proaryimie
popsdna rovnéi u celé rady nekardiovaskularnich leki. Vyskyt jeva zatim nebyl piosné kvantifikovin, mechanizmus ristavi
nejasny. Daledita je ziejmé individuilm predispozice zpisobend odchylkami ve funkci srdeénich iontovveh kandld nebo de-
gradacnich enzymi léiv. Clanek shrouje také rizikové faktory proarytmie a na jejich zikladé wadi moinosti prevence.
Klicovd slova: gen, proarvimie, QT interval, torsade des pointes

PROARRHYTHMIC EFFECTS OF NONCARDIAC DRUGS

The proarrhythmia fenomenon - an induction of new arrhythmia or worsening of preexisting arrhythmia - is well known in
antiarrhythmic drugs for many vears. In majority of cases the proarrhythmia presentation consists of QT interval prolon-
gation and ventricular tachycardia torsade des poimies, which can be even caunse of death. Recently it has become apparemt
that proarrhythmia can occur during treatment with a long list of noncardiovascular drugs. Incidence of the phe nome non
has not been quantified, the mechanism remains unclear. A factor of particular importance is a particular predisposition of
individual patient based on variations in function of cardiac ion channels and drug-metabolizing enzymes. Risk factors of

proarrhythmia are rewieved and possibilities for prevention are proposed.
Key words: gene, proarrhythmia, QT interval, torsade des pointes

Kardiol. prax 2004; 2 (1): xxxx

Pod pojmem proarytmie rozumime vy volani nové aryi-
mie nebo zhorkeni jiZ pritomné arytmie terapeutickou dav-
kou 1égiva (tedy ne pledavkovanim). Je to 2noméen jiz dlou-
ho zndmy u antiary tmik. Napiiklad a& u 4.8% pacientd
latenych d, 1 - sotalolem byl popsan vyskyt polymorini ko-
morové tachykardie typu torsade de pointes™ (TdP) (Ob-
razek 17", Tato maligni aryimie je priinou synkopy nebo
muZe pacienta i usmitit. Zvysend riziko malignich arytmii
maji predeviim jedinci, u nich? po nasazeni preparatiu doj-
de k prodlowzeni korigovaneho QT intervalu povrchoweho
EKG, zejména pii prodlouzen: nad 0,5 sekundy.

Stejné priznaky (En. prodlowseni QT intervalu, TdP,
synkopy, ndhld smit) charakierizuji také onemocnéni zva-
né kongenitilmi syndrom dloubého QT intervaln (LOTS).
Syndrom byl popsdn na prelomu $0-tych a 60-tych let ' =
4 jeho etiologie ristavala dlouho nejasnd. Zasadni prolom
znamenal rok 1991, kdy byla prokizana vazba LOTS na
11. chromozom . V nasledujicich letech byl zjistén vztah

i k dalsim chromozomim. Dnes tyto syndromy chapeme
jako spolecng fenotypové vyjadieni nejméné 9 geneticky
odliznych nozologickych jedaotek. Jejich priCinou jsou
¥ pievazné véising pripadl mutace gend kodujicich jednot-
livé podigdnotky iontovych membranovych kanald Tyto
kanaly hraji dilezitou roli v tvorbé a trvani akéniho poten-
cidlu kardiomyocyti. Jejich postizeni vede k rozvoji kKlinic-
kého obrazu LOTS. Zevmimi faktory vyvolana forma syn-
dromu je oenadoviana jako ziskany LOTS. V tomto Eldnku
s¢ zabyvame polékovym LOTS.

Do dnesniho dne bylo identifikoy ano asi 200 chemic-
kych sloucenin - farmak (zavedenych nebo ve vyvoji), které
mohou prodlouzit QT interval a vyvolat TAP. Pritom v dr-
tivé vE(Ziné tyto preparaly nemaji 5 kardiologii nic spolec-
ného a jsou to lBky pomérné béing uZivansé. V dnesni éfe
poly pragmazie nejsou vyjimednd ani kombinace téchio
EkiL cof je faktor vyrazné zvyEujici nebezpedi proaryi-
mie. Sernam Bk s proarytmogennim ucinkem je uveden

Obrizek 1 Polymorini knmarovd tachykardie bypu Jforsade des poinies” - typicky projew proaryimie.
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v tabulee 1, ktera si ale v Zadném pripadé neklade naroky
na uplnost. Seznam je toliz neustale doplaovan. Aktualiza-
ce je moZnd prostfednictvim internetw, aapi. na www.lor-
sades.orp

Tabulka 1. Léky prodiusujici OT inkerval

erfarytmika gjmalin
emindann
bty fum
dodedlid
disopyremid
ibutifid
prokainamid
propekenan
chinidin
sotalol

chemaolerapautika,
enfmykotika

Vskyt jovu

Proary tmicky potencidl jednotlivicch Kk se uréité 1i8,
ale dostatecné kvantifikovan vyskyt jevu dosud nebyl Ja
ko priklad miFe sloudit vise uvedeny sotalol, u ného byly
popsany TdP a7 u 4.8 % pacienti (Lj. a2 1:20) a z nekardi
ovaskuldrnich preparati jsou k dispozici jen odhady, napf.
12120 000 u cisapridu ™. Nedavao byly publikovamy dvé ob-
rovské studie vyuZivajici administrativii data (90 000 resp.
480 000 pacientl), které sledovaly viyskyt nahlé smrti u pa-
cientl Kdenych psychofarmaky 7" Obé studie zjistily 2-
3x vyEdi riziko ndhlého amrti u psychiatrickych pacienti.
I kdy# jisté musime pocitat s multifaktorialni etiologii, i
Ziko nahle smrti vykazovalo zavislost na konkrétnim pre-
paritu a vysi lecebné davky.

Jesié ménd informaci mame k dispozici o vyskytu prod-
IuFovani QT intervalu u kenkrétnich prepardti. Mejvétsi
studie vénujici se EKG zméndm u psychofarmak zahrnuje
pouhych 495 pacienti, pricem? u 8 % z nich bylo pozorovi-
no prodiouzen: QT intervalu *. Rogsahlejsi epidemiologic-
ké prozkumy nejsou k dispozici. V soucasné dobé bégi nej
méné | rogsdhla studie vénujici se tomuto jeva ™.

Mechanizmus jeva

QT interval povechového ERG odréZi trvdni akéniho
potencidlu komorovych myocytl, predeviim trvdni repo-
larizace. Je to proces tvodfeny kiehkou rovnovahou me-
#i celou fadou iontovych proudd dovnilf a ven z budky.
Z tohoto hlediska je dilezité, Ze spoleénou vlasinosti prak
ticky viech preparitl prodlufujicich QT interval j2 bloks
da draslikového kandlu I v srdeénich myocyiech " Prog
viak presio k prodlouZeni QT intervalu a rozvoji malignich
arytmii dochazi jen u #lomku pacieati?

Zeela zasadnim faktorem je ziejmé individualni pre-
dispozice konkrétniho jedince. V roce 1999 bylo popsano
nékolik pripadd ,forme fruste” kongenitalniho LTS,
¥V nékterych rodindch dosahovala penetrance plného vy-
jadieni choroby jen 25%. Ostatni nositeld patologickych
mutaci gent pro iontové kandly v téchto rodindch zdstave
li zcela asymptomaticti, tedy neméli ani prodlouzeny QT
interval. Normalai hodnota QT intervalu tak rozhodné ne-
vylufuje, Ze konkrétni jedinec neni nositelem potencialngé
nebezpecné mutace. MoZnym vysvétlenim je koncepee . re-
polarizacni rezervy™ 2. Fa normélnich okolnosti je totid
miré zhorfeni funkce nékterého iontového kanaly vyrov-
nana zvysenou aklivitou jimych kanald. Pokud se viak ta
kovy jedinec dostane do zatézové situace” (napt. rizikova
medikace), mide byt repolarizaéni rezerva vycerpdna a do-
chazi k prodlowsen QT intervalu a zvysenému riziku ma-
lignich arytmii

Vyznamnou roli hraji jistd i individudlni rozdily v me-
tabolizmu leciv. 1 Elovéaka se v odbourdvini 18ki uplatan
j& vice ned 30 rodin enzyma a u fady z nich byly popsdny
genetické varianty, kierou mohou byt picinou vyrazaych
rozdill ve farmakokinetice i farmakodynamice. Terapeuw
tickd hladina stejného Kku se tak u dvou jedincd mide 1
git aZ 10x pri stejném dévkovani®'™. Tematika enzymatic-
kych systému 0castnicich se v odhourdvani 18k je velmi

Kardioldgia pre prax 2004 | 2

www.solen.sk
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obsihld a neni moZné se ji v tomibo clanku vice vénovat. Za-
jemce o dalgi informace cdkazuji na citaci 13 (Elanek volné
PTSLUPITY NE WWW. NS Org L.

YV obou pripadech se nemusi jednat o vyloZeng pato-
logické mutace. Existuje celd fada tzv. bé&naych polymos-
fizmi gend kodujicich iontové kanaly nebo enzymy uplat-
fAujici s¢ v metabolizmu BCiv. UrCité procento populace je
tak pravdépodobné zatizeno skrytym rizikem rozvoje pro-
arytmie. Wicméné k rogvoji proarytmickych jevi je v dr-
tivé vatdiné pripadd nutné spoluplisobeni vice rizikovych
faktor( ™,

Rizikove faktory

Rizikowé faktory shenuje tabulka 2.

I} Hraniémi nebo dokonce prodiouzeny (T interval pred
zahdjenim lechy (QT 0,45 s avice) miZe by t fenoty povym
projevem vyie gminénych polymorfizmiL

) Zeny maji obecné deldi QT interval, proto je Zenske
pohlavi povaiovano za rizikovy faktor. Zajimavé je, fa v ex-
perimentu bylo pororovano sniZzeni exprese repolarizac-
nich kanall vlivem #enskych pohlavnich hormoni 7=,

) Osoby vysiiho véku maji zvygené riziko patologicks-
ho prodiouzeni QT intervalu.

4) Extrémné zévainé jsou kové interakee. Cela tada
Eku je totiZ odbowrdviana prostiednictvim tého? enzyma-
tického systémuo - cytochromu P430, jiné preparity vedou
k jeho inhibici. Mavic rizné skupiny v mohou vykazo-
val podobny farmakologicky @cinek - blokadu draslikovych
kanali. Jejich efekt se pak sGitd. Predeviim jsou to prepara-
ty, unich bylo pozorovdno prodhEovan QT intervalu, Cy-
tochrom P4350 je ale inhibovan napd. i S&vou 7 grepi

5) Hypokalemie prodlufuje trvini repolarizace negativ-
nim ovlivnénim vodivosti draslikovych epolarizacnich ka-
ndll. Priinou hypokalémie mohou byt hormondlni poru-
chy, prijmova onemocnéni nebo vedlejii éinky nékterych
lékil (nejcast@ji diuretika u kardiakd a hypertoniki). Za
hy pokalémii ve vetahu k LOTS (kongenitalnimu i ziskané-
mu) jsou povazovany jiz hodnoty pod 4 mmolf/l. Podobné
52 projevue | hypomagnezémie.

&) Onemocnémt srdee, predeviim srdecni selhavani
4 nizkd ejekéni frakee, rovnéZ i hypertrofie myokardu, ko-
moroveé arylmie a samoziejmé kongenitalni LOTS (ehoZ
vyskyt ale neni vysoky - cca 1:10 000).

Fasady lechy polékové vvvolanych aryvimii

Jak jiz bylo reCeno vyse, vyskyl pokikove TdP je nastés-
ti nizky a k jejimu vzaiku je nuind kombinace vice riziko-
vych faktori.

Tabulka 2 Faktory Teyujici rizkn prodiougeni OT imervaly & malignich aryimii

Zakladnim pravidlem lEchy je odstranéni odstranitel
mych rizikoviych faktor( Ten. vysazeni lEku s proaryl-
mickym @Cinkem, substituce kalia aZ ke hladinam kolem
5 mmolf1 (véi&inou je ale u pacientd s polékovy mi arytmie-
mi pritomna hy pokalémie pod 3.5 mmol/l). K preklenu
ti arytmické boufe je vhodné zavedeni dofasné kardiosti-
mulace a vnucena stimulaéni frekvence nad 90/ min, ktera
Casto vede ke stabilizaci rytmw Prinosnd mige byt | mic
nd sedace pacienta. Lécéba by méla probihat pokoud moZno
na kardiologickém pracovisti.

Moznosti provence

Kaida smrt vznikla v souvislosti s podanim lecebného
preparatu je velmi zavaina. Teoreticky nejbez pefnéjsim
fesenim je staZeni suspekiniho preparitu z trhu Pokod
vaak vegmeme v ivahu vyskyt opravdu fatalnich pripadi
na jedné strané a uspéinost ECby danym Bkem (napf. ci
saprid vedl od svého zavedeni k vyraznému sniZeni chirur
gické lachy refluxni choroby; jesté v roce 1955 v USA 2/3
pacientd schizofreniki travilo znaénou Gast svého Zivota
¥ psychiatrickych kEcebnach, zatimco koncem B0-tych ket
z nich vyZadovalo astavni lEébu sotva 5 %) je raciona
lita takového fesenid jisté spornd, zvIasté neni-li k dispozi-
ci altermativni preparat. Navic vztah l&tivo-vedlejsi ocinek
neni vZdy jednoznady.

Polikovému prodluzovani QT intervalu je v posled-
ni dobé vénovana velkd pozornost na viech urovnich. Po-
stoj K tomuto problému zauala ji | Evropska agentura pro
hodnoceni zdravotnickych viyrobkl ( European Agency for
the Evaluation of Madicinal Products)'™. Na kardiologic-
kych a predeviim ary tmologickych sjezdech probihaji sek-
ce vénovand tomuto tématw. Odborné spolecnosti vydavaji
nejruznéjsi doporuéeni tykajici se monitorace EKG a tes
tovami kazdé nové chemicks entity, ktera by se mohla stat
lkem, stran jejiho ufinku na repolarizaci kardiomyocy-
th 2 ¥ ] pres peclivé testovani viak nebude nikdy ncela
vylouteno riziko, Ze se proarytmicky acinek progvi teprve
tehdy, aZ zaCne byt Bk masové pouZivan.

Jako uCinna prevence s¢ tedy zatim jevi predeviim opa-
iray pristup a rizikova stratifikace pii nasazovani prepard-
il s moFmym proarytmickym uéinkem.

1}V prvni fadé je nezbyiné podrobné prostudovat in-
formace o l&8ive poskytované vyroboem. Tento jednodu-
chy krok neni bohuiel samozrejmosti.

2) Podrobnou a cilenou anamnézou identifikovat riziko-
vé jedince - viz Tabulku 2.

3) Farmakologickou anamnézou zhodnotit riziko in-
terakei, piedeviim se zaméfit na vyloudeni kombinace s ji-
nym preparatem prodluivjiicim QT interval nebo
ovlivawjici rychlost metabolizace preparatu. vV diti

Fanské pohlavi

VyEdivdk

L imerakos (blokatory iomiovych kendid, infibitony cylochromu P450)
Hypoksiémie, ypomagnezdmia

Onemocnéni srdee (nizkd ejekini frakes, hyparinofie, kongenitdini LOTS)

HraniEni nebo dolkonce prodiousny OT inervel pled nessmim M |0T 2 0,45 =)

va viEing pripadd totif k provokaci ary tmii dochazi
af pri kombinaci vice rizikovich faktori.

4) Posoudit mofnost vyskytu elektrolytovych
dyshalanci - nezapominat na vliv diuretik, kierda
jsou Siroce vywZivina v BCché hypertenze a srdeé-

LOTS  syndrom douhéha OT intenaly

niho selhan.
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5) Stale vice experti doporucuje zavedeni rutinniho mo-
nitorovani EKG o rizikovych skupin pacienti, ktefi maji
byt lateni rizikovy mi lBky - predeviim psychofarmaky. Je-
dinci 5 QT intervalem delsim nez 0,45 s jiZ pred Ecbou
jsou povazovani za rizikove, e doporuceno u nich prova-
dat kontroly EKG a hladin elektrobytia®

6) 1 v pripadé, #e kritéria 1-5 jsow negativni, @ tieba se
létenych pacientd pfi naslednych kontrolach tazat na pii-
padny vyskyt varovnych priznakd, tedy predeviim synko-
P a presynkopy. Proary tmické ucinky se totiz mohou pro-
jevit af s odstupem a i u pacieati s kongenitalnim LOQTS
s prokizanou mutaci mide byt intermitentné pritomen zoe-
la normalni QT interval ™,

Laver

Fenoménu prodiuzovani QT intervalu a zvyseni rizika
malignich komoroyych arytmii pdi l6Chbé nekardiologicky-
mi preparaty je nuiné vénovat nalezitow pozornost, nebol
Znamend modné ohrofeni Zivola v dobeé vife, e Kcha bude
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Abstract

Background: Psychotropic dmugs have the potential for QT nierval prolongation, the frequency & not known, The aim of this stedy was to
maonitor the occumence of QT interval prolongation in a non-selected population of patients treated with psychotropic drugs with
proamrhythmic potential.

Methods: In consecutive patients hospitalized at psychotic wands at the Deparment of Psychiatry treated with antipsychotic and
antidepressant drugs with known or uneoplored proarhythmic potential a 12-lead BOG was reconded (50 mmy's, 20 mm'mV') on therapy; the
QT mierval was measurad manueally, comected according to Bazett and Fridenicia QTe niervals of 470 ms (females) and 450 ms (males)
wene considered borderline, longer (Tc intervals were considered pathologic.

Resulre: BCGs were reconded in 452 patients (187 females, 265 males, aged 43+ 16 years). Using Bazett’s comection, abnormal QTe vahies
werne observed only in 2% of the whole group and in 1 8% of the patients treated with drugs associated with QT prolongation (the greatest
(JTc value is 490 ms in female and 480 ms n male). With Fridericia’s comection, there was only | case of bordedine (Tc in the whole group
({the greatest QTc value is 4530 ms in both sex groups).

Conchisions: Our 2-year reallife experience shows that sccumence of (JTe prolongation in present psychiafric patients is low, Vahies
associated with high risk of arhythmias (Te>= 500 ms) wene not observed. This might he related & the recent changes of spectrum of
antipsychotic therapy used, the general trend to use lower doses, and increasing awareness about the drg-induced long QT symdrome.

i 2007 Ekevier Incland Ltd. All rights reserved.

Keywordse Drug induced long QT syndmme; Proamiythmis; Psychotropic drogs; QT mierval

1. Iniroduction

Many drugs possess an undesimble ability o prolong
cardiac repolarization that can be objectively measured as
prolongation of the QT interval on the surface electrocardio-
gram (ECG). A prolonged cardisc repolarieation creates
electrophysiologic conditions that facilitate the development
of arhythmias, most commonly a polymorphic ventricular
tachveanlia known as tosade des pointes. By depenerating
in ventricular fbrillation, torsade des pointes may cause
sudden death [1]. The frequency with which a paticular drug
mduces QT prolongation in a climically relevant way remains
largely unknown.

* Comesponding auhos
Email address novomy-tiisemem cx (T, MNovolmy ).

6752735 = see oot metier © 2007 Ekevier lrebmd Lid Al rights reserved
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Psychiatric patients are al an mereased nsk for sudden
death that might be partially attributed to dmg-induced
tomsade des pointes [2,3]. Psychotropic drugs have a kmown
potential for QT interval prolongation. The aim of our study
wits o monitor the occumence of QT interval prolongation m
a non-selected population of patients treated with psycho-
tropic compounds. The secondary aim was to assess the
feasibility of routing QT interval monitoring in this patient
population.

2, Methods
2. Study population

The study population consisted of all adult patients
hospitalized consecutively in psvchotic wards at the

66



330

Department of Psvchiatry of our hospital. They wene treated
with different antipsvehotic and antidepressant drugs both in
monothempy and in combimation. No particular drogs were a
priom selected for monitoring. Patients with atrial fbnllation,
bundle branch block and pacemaker-dependent rhythm were
excluded. The study was approved by the local Ethics
Committeg of the Univesity Hospital Brmo and conforms o
the ethical guidelines of the 1975 Declaration of Helsinki.
An informed consent was obtamed from each patient.

2.2 ECG recordings and QT interval assessments

ECGs were mcorded on paper with a 50 mm/s paper
speed and 20 mm'mV voltage gaim. ECG recordings were
evaluated by 2 independent experienced cardiologists
blmded to the tmatment. QT intervals were measured
manually with the precision of 10 ms and corrected
accordimg to Bazett and Fridencia formulae and rounded to
the nearest 10 ms (in consistence with present clinical
practice). QT intervals of 470 ms in females and 450 ms n
males were considersd borderline, QTe intervals above these
values were considersd pathologic.

. Besults
34 Growp of patients and drugs

Betwesen June 2003 and June 2005, ECG recordings were
obtained in 452 patients. Clinical characteristics of study
subjects are summarteed in Table 1

Patients were treated with 24 different psychotropic
drugs, in the case of 14 of these, cases of QT prolongation
have previously been mported. Drugs with known potential
for QT prolongation were given to 384 patients. In the case
of 6 drugs, torsade des pointes has been reported, and these
drugs were taken by 70 patients [4-6] Fifly patienis were
treated with combined therapy of 2-3 drugs, n45 of them, at
least | dmug has been associated with QT prolongation.
Mumbers of patients treated with individual drug are detailed
in Table 2.

Tahle 1
Clmica] chense e dics of dudy subjects (n=452)
Male 265
Ferrle 187
Age 43+16
Cher dimgmaoses
Hyperenam 1R
[rizhedes 55%
CAD 35%
Hypokalemia 15%
Paychistnc diagnoses
Schizphrna 499
SchizalTective syndrome 12.5%
Bipolar disorder 21.5%
(Hher 17%

T Novatny et al / Inernational Jarmal of Candiodogry 117 (2007) 329-332

Tahle 2
Paychistric drugs e in the study

Mo hera gy
Comibimes] therapy

)2 patients
5} pustients

Cienene name

-]

Repaoried 1n hiersiure
CJT parohon ggstiom

+

TdP
Agmmzulprid
Citalaypram
Clonrpramm
Clospin
Escitalaypranm
Flugphegcrin

2

¥
+ +
+

Flugsetine
Haloperidad
Chlommmsane
Chlormprothi xen
Lavomepramasneg
M Inasciprarm

M rtace spine
(Yen:rapme

O yprothemne
Paroxetine
Cluetizpine
Risperidone
Sulpine
Tismnepling
Venbslzxine
Fpr=idone
Folepine

TP —torsade des pomies.

Sk B E D
- -
+ +

(3

.- g
+

Pt e ERER-n
- -

3.2 Ocewrrence of abnormal QT values

Occurrence of abnormal QTe values is summanzed in
Table 3. The largest QTe value (Bazstt) was 490 ms m a
female amd 480 ms in a male patient. The largest OTe value
(Fridericia) was 450 ms in both sex groups. The avempe RR
interval of the outliers was 7084113 ms. The largest
uncorrectad QT wvalue was 480 ms (at heart rate of

Tahle 3
Cloourmence of abnormal (Flie values in subgroups
Barderime ()Te Pathadogric: ()Te
Bacreti Fridencia  Harefl Fridencia
Whale groap {a=452) Sq1.1%  1{02%) 4(0®) 0O
Patienis trested with drugs 4 (1%) L] I O
anociaed with (T
proknggstion (m=35)
Patienis reste] with drugs 1{1.5%) 0 L1} L]
amocizie] TdP (n=63)
Patienis trested with dmugs 1{1.55%) 1{1.55%) 1 (L55%) O

ol aancisted with T
prodongtion (m=64)
Patienis trested with dmug

oommbrmatien, &l ket 1
ol which ssancisted
with CJT prokongstion
fn=45)

122% O 12 o

CAD—oommary arery disssss.

O Te—oomectad (T interval, TdP—inmade des poinles
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53 beats'mmun) i a male and 460 ms (at heant rate of 46 beats/
min} i a female patient.

4. Discussion

Our observabion represents a 2-vear mealdife single-
department experience with a routine QT mterval monitoring
in patients treated with psychotropic drugs. In all individuals
hospitalized at our Department of Psychiatry, ECG is being
mwutmely recorded and QT mterval was assessed in order o
minimize the risk of proarhythmia. QT nterval monitoring
seems appropriate for this purpose since to date, there has not
been an example of human TdP induced by a drug that
cannol cause QT mterval prolongation [7]. Nevertheless, the
practicality of the momitoring i complicated by inter-
individual differences in dmg mesponse that are dus o
polymorphisms in genes encoding drug metabolizing
enzymes, drug transporters, drupg tamets, as well as
repolarieation physiology [8,97.

Usually, QT prolongation is considersd when QTe
(Bazetl) mterval exceads 440 ms in males and 460 ms in
females [10]. The Committes for Proprietary Medicinal
Products also proposed that dmg-induced QTc imtervals
exceeding 500 ms ame of concern [11]. These cut-off
valuss were used also in our study. However, there s no
well-established threshold duration below which QT
prolongation might be considersd as benign [12]. More-
over, the best cormection approach s stll subject of
controversy. Only recently it has besn showed that OT/RR
relationship exhibits a substantial inter-subject variability
while also showing high intra-subject stability. Therefore
o single mathematical formula can be obtained which will
describe the QT/RRE  relationship satisfactorily in all
individuals [13]. MNevertheless, while these findings are
wseful in the clinical pre-approval drug evaluation, there
are of little use in clinical practice when only single ECG
5 available from each mdividual. Bazett’s eomecton 1s
therefore  frequently wsed, including described  cut-off
valugs, despite numerows meports of its inadequacy and
despite the understanding that the QTe interval corrected
by Bazett is artificially prolongsd at heart rates =60 beats/
min and shortened at heart rates <60 beats/min [14].
Fridericia’s fommula might perhaps be accepted as a
practically reasonable correction in climcal ssthng,
although it is stll not entirely accorate [15]. In our survey
the average heat rate of the outliers was approximately
B5 bpm, sugeesting that cormected QTe valuss might have
been atificially prolonged because of the correction
procedures used.

Psychiatric patients studies in our suvey wene treated
with a wide spectrum of different psychotropic drugs.
Majority of these has been repored to influsnes QT interval
[4—6]. Approximately 108 of the patients received combi-
mation therapy which is considered as a further risk Getor for
proarhythmia. Stll, the occwrence of abnormal QT
mterval values was low (Table 3). In particular, there was

no case of substantial QTe mterval prolongation above
500 ms.

In principle, our ohservation 8 in agreement with repons
on the drogs wsed. Data on isolated QT prolngation
associated with psychopharmacol ogic compounds are avail-
ahle aly for some of them and usually, only cases with QTe
prolongation =50 ms are described Thioridaene is most
potent in causing QT prolongation (QTc =450 ms in 60% of
patients) [16], while with ziprasulone, QTc intervals
=500 ms occur i less than 1% of patenis [4]. For
clomipmming, there are data in childen and adolescents
showing O Te prolongation of =450 ms in 11% of mdividuals
[17]. In majority of the other psyvchotmopic drugs, only
anscdotal mports are available mostly Fom cases of
poisoning [4-6]. There 8 only one study dealing with a
peneml psychiatric population, in which in 495 patients QT
prolongation =450 ms were observed in 8% [18]. High
proportion of these patients was treated with thioridaeme
which is presently used very seldom Low occurmence of QT
prolongation in our population is therefore likely explained
by a different spectrum of psvchotropic drugs used in present
payvchiatric clinical practice.

Our sumvey suffers Fom some imporant limitations.
Firstly, smes majonty of the patients suffered fom chronic
pavchatic conditions, it was clearly unethical o wash them
off therapy for the pumposss of haseline ECG recording.
Therfore, QT nterval change could not have been assessed.
In this respect, our survey is a good model of other programs
of clinical BECG screening. Therefore an association of a
patticular drug with QTe value cannot be considerad.

Secondly, the size of the goup of patients who entered
our survey is not particularly lange, Nevertheless, this is
again a reasonable model of a single-centre clinical
expenence which is appropriate since clinical ECG monitor-
ing 5 mostly conducted within individual clinical
depantments.

Thirdly, because of the above described reasons, it was
not possible to confirm the mlationship betwesn particular
ohservation of pmlonged (Te and a particular drug. Finally,
with ECGs taken in chronically treated patients, the subjects
prone to QT prolongation might already be dead due to
tomsade des pointes. Them are no meaningful data to quanti fy
this possible effect and it would equally apply to other
manitoring experences.

Henee, our 2-year real-life experience shows that the
occurence of QT prolongation in psychiatric patients subject
to contemporary treatment s mther low. This could be
related o recent changes of spectrum of antipsyehotic drogs
used, the peneral trend to wse lower doses of antipsychotic
medication and increasing awareness about the dug-indouced
lomg QT syndrome. MNevertheless because of possible
fatalities the climical impotance of acquired long QT
syndmme cannot be undersstimated. The low incidence of
OT interval prolongation sugeests low incidence of orsade
des pointes induction in present psychiatic populations but
may also lead to an mappropriate undersstimation of the
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danger of proarthythmia. In spite of the fact that the
incidence of torsadegenic toxicity s likely decreasing, any
complacency by the chmical community might have drashe
consequences. The nesd for preventive measurss has not
diminished. One of the most effsctive preventive measurss in
ECG scresning in risk groups of patients remains the QT
mberval monitorimg which has been proved fully feasible by
OUT e ence,
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U jedincu s vyskytem polékového prodlouzeni intervalu QT (nebo i polymorfni komorové
tachykardie torsade des pointes) byla provedena mutacni analyza genil souvisejicich

s kongenitalnim LQTS. Piivodni o¢ekavani, ze vyskyt mutaci bude podobny jako u
kongenitalniho LQTS (tedy 60-70%), se nenaplnila. Mechanizmus ziskané formy LQTS je
tedy komplexnéjsi. Tento fakt je vyznamny i pro chapani molekularné genetickych

mechanizmil nédhlé srde¢ni smrti v béZné populaci.

69



Mutadni analyza LQT genu u jedincu
s polékovym prodlouZenim QT intervalu

T. Novorny, J. Kadlecova?, I. Papousek®, K. Chrousr®, A. Birtnerovd?, A. Floridnovd', E. Ceskova®, M. Weislamplova',

V. Pilensky*, M. Sisakova', O. Toman', R. Gaillyova?, J. Spinar’

'Interni kardiologickd klinika Lékaiské fakulty MU a FN Brno, pracovisté Bobunice, prednosta prof MUDr: Jindrich §p£ﬂa‘r, CS8c, FESC
*Oddeéleni lekarské genetiky FN Brno, pracovisté Fakultni détskd nemocnice J. G. Mendla, prednosta prim. MUDy: Renata Gaillyoud
*Katedra genetiky a molekuldrni biologie Prirodovédecké fakalty MU Brno, vedouci prof. RNDr. Jifi Doskat, CSc.

! Psychiatrickd klinika Lékatské fakulty MU a FN Bruno, pracoviité Bohunice, prednosta prof MUDy: Eva Ceskovd, CSc

Souhrn: Ured: U celé fady nekardiovaskularnich lekii bylo popsano riziko prodlouzeni QT intervalu, a tim i zvySeni rizika ma-
lignich arytmii. Mechanizmus jevu zistavd nejasny. Rada z téchro [éki jsou acinné blokirory iontovich kanali kardiomyocyri.
ProdlouZeni repolarizace by tedy mohlo byt zpisobeno dosud latenmimi mutacemi genti pro rytoe kanaly, kreré se odkryji az
v zaréZové situaci. Sowbor @ metody: V rdmei vlastiho screeningu paciench [é¢enych prepardry s proaryrmickym porencidlem
a sporadickych ptipadia odeslanych na nae pracoviicé z okresnich nemocnic byly celkem u 13 osob zachyceny pacologické hod-
noty korigovaného QT intervalu (nad 0,44 s u mu#i, nad 0,46 s u Zen). Jedendct pacienth dalo sviij souhlas k mutaéni analyze
geni KCNQ1, KCNH2, SCNSA, KCNE1, KCNE2 a KCN]J2 (geni asociovanych se syndromem dlouhého QT intervalu). Wisledky:
Kompletni visledky mutaéni analyzy jsou k dispozici do dnedniho dne u 8 pacientii. U 5 jedincd byly nalezeny odchylky v sek-
venci DNA, kreré jsou v literatufe oznafovany jako varianty normy (nukleotidové a aminokyselinové polymorfizmy, varianty
intronu). U jednohoe muze byla v genu KCNQ1 derekovina murace AS90T dosud ve svérové literatufe nepopsand. Zdvér: Mecha-
nizmus polékového prodlouzeni QT intervalu je komplexni a nelze jej vysvédit pouhym postizenim na drovni iontovich

membrianovych kanali.
Kli¢ovd slova: gen - iontovy kanal - mutace - proarytmie - QT interval

Murarional analysis of LQT genes in individuals with drug induced QT interval prolongarion

Summary: Backgroand: In a long list of non-cardiovascular drugs a risk of QT interval prolongation and thus an increased risk
of malignant arrhythmias has been described. The precise mechanism remains undear. Many of these drugs are porent block-
ers of cardiac ion channels. Thus, prolongarion of repolarization could be caused by latent ion channel genes mutations which
are revealed under swess conditions. Group of patients and methods: Patients were recruited in screening of antipsychotc drugs
with proarrhythmic potental, another sporadic cases were reffered from regional hospitals. In 13 individuals pathologic values
of corrected QT interval (> 0.44 s in males, > 0.46 s in females) were observed. Eleven patients gave their consent to mutarional
analysis of KCNQ1, KCNH2, SCN3A, KCNE1, KCNE2 and KCNJ2 genes (associated with congenirtal long QT syndrome). Re-
sults: At present complete results of murtacional analysis are available in 8 patients. In 5 individuals changes in DNA sequence
were found which are considered normal variants according to the literature (nucleotide and aminoacid polymorphisms, intro-
nic varianes). In 1 male a KCNQ1 gene mutation AS90T was identified (yer not reported in literature). Conclusion: Mechanisms
of drug-induced QT interval prolongation is complex and it cannot be explained simply by ion channel disorders.

Key words: gene - ion channel - mutation - proarrhythmia - QT interval

Uvod

Pii poddvani celé fady nekardiovas-
kuldrnich léka bylo popsano riziko
proarytmie - prodlouZeni QT inter-
valu, a im i zvySeni rizika vzniku
malignich arytmii, synkop i nihlé
smrti [5,9]. QT interval povrchového
clektrokardiogramu (EKG) odrazi
orvani akéniho potenciilu komoro-
vych myocyrd, pfedevsim trvini re-

W vnitrnilekarstvi.cz

polarizace. Je to proces tvofeny kieh-
kou rovnovihou mezi celou fadou
iontovych proudd dovnitf a ven
z buriky. Z tohoto hlediska je dalezi-
té, Ze spolecnou vlastnosti prakricky
viech prepariti prodluzujicich QT
interval je blokida draslikového ka-
nilu IKr v srde¢nich myocytech [1].
Zvysené riziko malignich arytmii
maji predeviim i jedinci, u nichz po

nasazeni léciva dojde k prodlouzeni
korigovaného QT intervalu povrcho-
vého EKG, zejména pii prodlouzeni
nad 0.5 sekundy [2].

Stejné piiznaky (rzn. prodlouzeni
QT intervalu, polymorfni komorovi
tachykardie rorsade des pointes - TdP,
synkopy, nihld smrt) charakterizuji
také onemocnéni zvané kongeni-
tilni syndrom dlouhého QT interva-
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+ Mutaini analjza LT genu v jedincu 5 polékovym prodiouzenim QT intervalu

Tab. 1. Charakreristika vysetfenych jedincii a vysledky mutaéni analyzy.

mutaéni analyza genu

pacient pohlavi QTc(s) medikace KCNQ1 KCNH2
arytmie
L M 0,45 citalopram non IV58/non
2. M 0,47 sertralin Y662Y/non non
3 7 0,48 quetiapin non non
4, Z 0,48 quetiapin  Y662Y,/Y662Y IVS13/IVS13IVS8/non
14841/non
F513F/non
5 M 0,45 venlafaxin -~ A590T/non non
6 Z 0,49 cisaprid non non
7 7 05 terfenadin, non Y652Y/Y66ZY
TdP  icokonazol F513F/non
14891 /non
3 M 0,61 sotalol non 14891/14891
TdP F513F/F513F
IVS13+22G>A/
IV513+22G>A
polymorfiznyy, které neménd sckvenci aminokyselin, nebo varianty introns.

SCN5A KCNE1 KCNEZ KCNJ2
non D85N/non non non
non non non non
non non non non
non  G385/mon  non non
non non non non
non non non non
non non non non
non  G385/mon  non non

D85N/non

TP — torsade des pointes, tuiné je uvedena mutace, fedé aminokyselinové polymorfizmy. V ostatnich pripadech se jednd o nukleotidove

lu (LQTS). Dnes toto onemocnéni
chipeme jako spolecné fenotypove
vyjidfeni nejméné 9 genericky odlis-
nych nozologickych jednotek, jejichz
pridinou jsou v plevazné vérsiné pri-
padi murtace gent kodujicich jed-
nodivé podjednotky iontovich mem-
branovych kandli, které hraji dalezi-
tou roli v vorbé a trvini akéniho
potenciilu kardiomyocytit. V rodi-
nich s vyskyrem LQTS se nezfidka
vyskytuiji jedinci - nositelé patologic-
kych muraci - jejichz QT inrerval ne-
dosahuje patologickych hodnot [8].

Prodlouzeni repolarizace pii tzv.
polékovem syndromu dlouhého QT
incervalu by tedy mohlo byt zpiiso-
beno dosud latentnimi mutacemi
genfl pro tyro kandly, kreré se odkry-
Ji aZ v zatézové situaci, kterou maze
byt pravé podini léku s rizikem
proaryrmie. Cilem nasi studie bylo
ovefit tuto hyporézu.

Soubor a metody

V ramci naseho viastniho screeningu
pacientd lécenych preparaty s proa-

-1

rytmickym potenciilem [7] a spora-
dickych piipadil odeslanych na nase
pracoviité z regiondlnich nemocnic
jsme celkem u 13 osob zachytili pa-
tologické hodnory korigovaného QT
intervalu (nad 0,44 s u muzd, nad
0,46 s u Zen). QT interval byl odedi-
tin nezdvisle na sobé dvéma vysetfu-
jicimi z 12svodového povrchového
EKG s posunem 50 mm/s a voltdZi
20 mV/mm a korigovin dle Bazerro-
vy formule (QTc = QT/RR™).

Jedendcr pacientil dalo svilj sou-
hlas s odbérem periferni krve k izola-
ci DNA a s naslednou muraéni ana-
Ijzou genit KCNQI, KCNH2, SCNSA,
KCNE1, KCNE2 a KCNJ2 (asociova-
nych s kongenitilnim syndromem
dlouhého QT intervalu), krerd byla
providéna metodami v minulosti jiz
podrobné popsanymi (PCR, S5CP,
DNA sekvenovani).

Vysledky

Kompletni vysledky mutaéni analjzy
jsou k dispozici do dnesniho dne
u 8 pacientit. Vysledky shrnuje tab.

1. U 5 jedincit byly nalezeny odchyl-
ky v sekvenci DNA, kreré jsou v lire-
ramufe oznacoviny jako varianty nor-
my (nukleotidové polymorfizmy, va-
rianty intronu, aminokyselinové
polymorfizmy). U jednoho muze -
pacienta €. 5 - byla v genu KCNQ1
detekovina murace A590T (genotyp
A590T/non), dosud ve svétové litera-
tufe nepopsand.

Diskuse

WV nasi studii jsme provedli muraéni
analyzu gend pro iontové kanaly
v malém souboru jedinci, u keerych
bylo zachyceno prodlouzeni QT in-
tervalu pii lé¢bé prepardry s proaryr
mogennim potencidlem. Pouzev 1 pii-
padé muraéni analyza odhalila zmé-
nu sekvence DNA, kterou je mozno
oznadit za mutaci. U dalSich 5 jedin-
cit byly nalezeny zmény oznacované
jako béiné polymorfizmy. Tyto ter-
miny (mutace, polymorfizmus) sa-
moziejmé odkazuji na éernost vi-
skytu, nikoliv na eventudlni funkéni
uplatnéni

Vnitf Lék 2006; 52(2)
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Zajimavy je fakt, Ze ani u 2 pacien-
td s viznamnym prodlouZenim QTc
a dokonce vyskytem TdP nebyla na-
lezena zidnia mutace v analyzova-
nych genech. Naopak pacient s jen
hrani¢ni hodnotou QTc (0,45 s) no-
sitelem murace je (tab. 1). Tento na-
lez je v soucasné dobé nutno brar ja-
ko fakt, pro ktery zatim nemime
uspokojivé vysvétleni.

Dostupni data uvidéji, Ze mutace
gen( asociovanych s LQTS jsou na-
chiazeny u 5-10 % osob s polékovymi
TdP [6,10,11]. Vyskyt téchto muraci
u jedinc pouze s izolovanym polé-
kovym prodlouzenim QT intervalu
neni znam. DA se viak piedpoklidar,
Ze zde bude jesté nizii Tomu odpo-
vidaji i vysledky nasi studie.

I kdyz viechny léky (kardiovasku-
larni i nekardiovaskulirni) dosud
asociované s prodlouzenim QT inrer-
valu jsou uéinné blokirory HERG/
J/KCNH2 kanidlu [4], nelze fenomén
proaryrmie vysvédit pouhym posti-
Zenim na trovni iontovych membra-
novych kandlii Mechanizmus polé-
kového prodlouzeni QT intervalu je
komplexni, obecné lze Fici, ze pod-
kladem interindividuilnich rozdila
v reakci na uréicé lééivo jsou poly-
morfizmy geni kédujicich 1) enzy-
my metabolizmu léiv, 2) proteiny
Géastnici se transportu léka, 3) cilo-
vé strukoury pro leky [3].

Lavér

Pres pokroky na tirovni molekuldrni
biologie v poslednich deseti letech
zistiva presny mechanizmus polé-
kového prodlouzeni QT intervalu
nejasny.

Vyzkum je podporovan grantem IGA MZ
NA 7424-3.
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2.2. Katecholaminergni polymorfni komorova tachykardie (CPVT)

Andrsova I, Valaskova I, Kubus P, Vit P, Gaillyova R, Kadlecova J, Manouskova L,
Novotny T. Clinical characteristics and mutational analysis of the RyR2 gene in seven
Czech families with catecholaminergic polymorphic ventricular tachycardia. Pacing Clin
Electrophysiol 2012;35(7):798-803.

IF 1,746

(publikovana plivodni prace - kvantitativni podil uchazece 20 % - koncept, koordinace prace

zuCastnénych pracovist, vySetfovani pacientd, analyza dat, kriticka revize textu publikace)

Prace v Givodu pfinasi piehled soucasnych poznatkii o CPVT. Nésleduje prvni systematicky
popis rodin s touto diagnézou v Ceské republice. Pacienti jsou podrobné charakterizovani
klinicky, byla u nich provedena i muta¢ni analyza nejcastéji postizeného genu RyR2, a u 2/3

probandl byly nalezeny mutace tohoto genu.
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Clinical Characteristics and Mutational Analysis of the
RyR2 Gene in Seven Czech Families with
Catecholaminergic Polymorphic Ventricular
Tachycardia

IRENA ANDRSOVA, M.D.,* IVETA VALASKOVA, Dr.5..t FETER KUBUS, M.D. F

PAVEL VIT. M.D., Pu.D..§ RENATA GAILLYOVA, M.D., PuD.

NITEA KADLECOVA, Dr.5., PH.D.,+ LENEA MANOUSEOVA, BE.N.*

and TOMAS NOVOTNY, M.D., PRD.*

From the *Department of Internal Medicine and Cardiology: tDepartment of Medical Genstics, University Hospital
and Faculty of Medicine of Masaryk University, Brno, Ceech Republic: #Children's Heart Centra, Uni varsity
Hospital Motol, Prague, Czech Republic; and §Department of Pediatrics, University Hospital and Faculty of
Medicine of Masaryk University, Broo, Czech Republic

Background: Catecholominergic polymorphic ventricular tachycardia (CPVT) is a rare hereditary
arrhythmia. The onset of clinical symptoms usually occurs during childhood, and is typically related
to exercise. The aim of our study was to describe the clinical characteristics of seven Czech families with
CPVT and the results of mutational analysis of the RyR2 gone in these families.

Methods: The subjects and their relatives were investigated at the participating departments. They
underwent basic clinical investigation, and history was focused on possible CPVT symptoms, that is,
symeopes during exercise. Bicycle ergometry was performed to obtain electrocardiogram recording during
admenergic stimulation. In all the investigated individuals, blood samples were taken for mutation analysis
of the RyR2 gene.

Results: To date, seven families have been investignted, comprising 11 adults and 13 children. In seven
CPVT patients, the indication for examination was syncope during exercise. Diagnosis was confirmed by
bicycle ergometry-induced polymorphic ventricular tachyeardia. In one melative, polymorphic ventricular
tachycardia was also induced. All eight affected individuals were treated with g-blockers and in two, a
cardioverter-defibrillator was implanted due to recurrent syncopi. Coding variants of the RyR2 gene were
found in four probands.

Conclusions: This is a systematic description of CPVT families in the Czech Republic. Our data support
the importance of exercise testing for the diagnosis of CPVT. In addition, RyR2 gene coding variants were
found in 50% of affected individuals. (PACE 2012; 35:705-803)

exorcise testing, polymorphic ventricular tachycardia, RyR2

Background

Catecholaminergic polymorphic ventricular
tachycardia (CPVT) occurring in the structurally
intact heart is an inherited cardiac arrhythmic
disorder showing a highly malignant clinical
course. CPVT can be inherited in an autosomal
dominant®*® or recessive® manner: in some cases,
the exact mode of inheritance could notbe entirely

Addrass hhm; Tomas Hovoetny, M.D., Ph.D., Department
of Internal mﬂ[‘.ﬂ:djnﬁ],r Universi H tal Brno,
Jihlavska 20, Brno, 625 00, Cz Republic. Fac 4 20 53223
2611; e-mail: novomy-t@seanam. oz
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assessed.” The onset of clinical symptoms usually
occurs during childhood, and is typically related
to exercise. Sudden cardiac death is the first
symptom in almost 30% of patients with CPVT.®
In affected patients, stress-induced ventricular
arrhythmias arise from multiple foci and can lead
to tj,r{:i-:al ventricular tachyarrhythmia (VT], the
so-called bidirectional VT. Thesa arrhythmias are
not sufficiently rapid to disruﬁt hemodynamics
suggesting that the lethal arrhythmia, when it
occurs, s ventricular fibrillation. In about 60%
of patients with clinical diagnosis of CPVT,
mutation of the ryanodine receptor (AyRZ) gene
is present in cases of autosomally dominantly
inherited CPVT. The ryanodine receptor is an
intracellular calcium channel in the sarcoplasmic
reticulum of cardiomyocytes, with important
roles in intracellular calcium metabolism. Patients
with autosomally recessive inherited CPVT carry
mutations of the calsequestrin 2 (CASQZ) gene,

201z, The Authors, Journal compilation 2012 Wiley Periodicals, Inc.
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CPVT IN CZECH FAMILIES

which encodes a Ca® buffering protein in the
lumen of the sarcoplasmic reticulum.®

The aim of our study was to describe the
clinical characteristics of seven Czech families
with CPVT and the results of mutational analysis
of the ByAZ2 gene.

Methods
Clinical Examination

Frobands were identified among syncope
cases investigated at the participating depart-
ments, All their first-degree living relatives were
then investipated according to their age at either
pediatric or adult cardiology departments. Basic
cardiological investigation was performed in all
individuals. History was focused on possible
CPVT symptoms (stress syncopi). All individuals
were evaluated by bicyele ergometry (off therapy)
to obtain electrocardiograms (ECGs) during adren-
ergic stimulation. Twelve-lead ECG was recorded
in modification by Mason-Likar and electronically
stored (CardioSys version 2.5, Marquette-Hellige,
Frai . Germany). Initial stress was 0.5 W/kg,
elevated by 0.5 W/kg every 3 minutes. The aim
of the stress test was to obtain the maximum heart
rate for each age category and gender. All recorded
ECGs were printed with a paper speed of 50 mm/s
and wvoltage of 20 mm/mV. Besides common ECG
intervals, the QT intervals corrected for heart rate
using Bazett's formula and possible Brugada signs
were also assessed.!?

Family |

D;—I_E B
Family 2
pBLIAZA
Family f
pMATETY
T
Family 1
L WaB4SR % ;
Family 7
Family 4 T
o0

Figure 1. Pedigrees of families with CPVT diognosis.
Mutations of RyRZ gene are indicated if found. Females
are indicated by circles and males by squares. The
noninvestigoted individuals are demoted by a question
mark. Affected individuals are shown as filled symbols
and healthy individuals as empty symbols. Deceased
individuals are deroted by a slash.

Table 1.

Mutation Analysis Clinical Characteristics of Investigated Individuals

All the clinically investigated individuals
gave their informed consent, and peripheral blood Children Adults
samples were taken. Mutation analysis of the (n=13) (n=11)
RyR2 ?gna was performed in all individuals
with clinical diagnosis of CPVT confirmed by Aga _ 12.82 £ 357 42.02 + .50
ergometty. Genomic DNA samples were isolated Age of the first 7+0.71 18(n=1)
from peripheral blood lymphocytes. Exons 24, symptoms in=g
B—15, 17—20, 37, 30-40, 83, 84, 87—105 were Age of the confirmation 94+23 s +001
amplified by polymerase chain reaction and of CPVT diagnosis in=8 in=2)
analyzed by direct sequencing on an ABI PRISM Syncope _ 7 1
3130 (Lifs Technologies, Carlsbad, CA, USA). For Nafive polymorphic VT 7 0
mapping of the deletions and duplication in exons Polymarphic VT B 2
3,97.and 105, multiplexligation-dependent proba induced by ergometry
amplification analysis was used. The detailed Mative bidirectional VT 1 0
methodology has been described elsewhere,1-14 Bidirectional VT 4 1

induced by ergometry
Results Supraventricular 2 0
Clinical Results Elfmhmiﬂs , ,
#-blockers

The investipated group consists of 24 #-blockers and 1 o
members from seven families, 11 adults and verapamil
13 children (Fig. 1). Clinical characteristics are o " q
summarized in Table I. In the seven probands, the
diagnosis was confirmed by ergometry-induced WT = ventricular tachyeardia; 1CD = implantable
polvmorphic ventricular tachycardias (Figs. 2 cardioverter-defibrillator,
PACE, Val. 35 July 2012 799
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Figure 2. Exomples of exercise-induced polymorphic ventriculor arhythmios in affected
individuals. Sweep 25 mm/s, voltage 10 mm/m V.
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Figure 3. Exercise-induced bidirection al ventnicular archythmia in one proband.

and 32). The test was considered positive if
polymorphic ventricular ectopic beats were
induced (at least four consecutive beats). In one
asymptomatic family member, arrhythmia was
also detected during the stress test. None of the
investigated individuals exhibited prolonged
QTc interval or Brugada ECG and also other ECG
features were unremarkable. All eight clinically
affected patients were treated with g-blockers:
atenolol 25150 mg per day in four pediatric
patients, metoprolol 50 mg per day in other two
Eadiatriu: patients. In two adult patients, either

etaxolol 20 mg per day or metoprolol 200 mg
per day were used. In one case, atrial ectopic
tachycardia was present and it was effoctively
.supgressad by verapamil. Two patients received
implantable  cardioverter-defibrillators  (ICDs)
dus to syncope recurrence despite B-blocker
therapy.

Mutation Analysis Results

In four of seven probands (67%), coding
variants of the RyR2 gene not previously described
were detected (Table 1I). These four variants
were not found in 141 control individuals. The
exons containing rare coding variants found in
CPVT probands were sequenced in all clinically
investigated family members. In none of them,
these variants were present. Mone of the patients
with previously implanted ICD was a mutation
carrier.

PACE, Vol. 35
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Table .
List of Mutations of RyR2 Gena
Amino Acid
Mucleotide Change Change Exon Domain
c[126438-Gl4+[ =] p[MHOTV]+[ =] @0 1l
c[125845A-Cl+[ =] p[EMB2AI+[=] &0 1l
c[12364A-Cl+[ =] p[S4122A)+[=] @O Ml

c[16162T=Cl+[ =] p[W4040R]+[ =] 105 \%

Discussion

This study is a systematic description of
CPVT families in the Czech Republic. In the
majority of cases, exercise-related syncope in
childhood was the indication for investigation. In
our study, in one patient the CPVT manifested
in adulthood, and in another, in the father of a
grcﬂ:uand who was otherwise asymptomatic, the

iapnosis was established only with ergometry.
In pediatric patients, diagnosis was established
after an awverage delay of 2 years from the
first syncope, since these events were often
attributed to vasovagal etiology or to neurclogical
factors.® The characteristics of our group are in
concordance with data reported previously.***?

Since the resting ECG in CPVT is normal,
exercise testing is of great importance. In mora
than 80% of CPVT patients, complex ventricular
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arrhythmias are present during the stress test.'®
This can lead to typical polymorphic ventricular
tachycardia-bidirectional ventricular tachycardia.
In all our patients, complex forms of ventricular
arrhythmias were induced during exercize, em-
phasizing the role of ergometry in arrthythmaologic
investigation.

It iz important to note that supraventricular
arrhythmias and tachycardias are also part of the
CPVT phenotype.” Indeed, in two of our patients
supraventricular arrhythmias occurred.

The molecular pathogenesis of RpR2-
mediated CPVT underlines the role of increased
adrenergic activity as a factor in tripgering attacks.
In fact, administration of f-adrenergic-blocking
drugs is the standard treatment for CPVT,
although they are less effactive compared to long
QT syndrome. In almost 30% of CPVT patients,
incomplete protection from  exercise-induced
arrhythmias or recurrence of stress syncope are
observed, and in thess cases the implantation of
an ICD is indicated.’ In g-blocker nonresponsive
patients, flecainide or left cardiac s;m?paﬂmtic
denervation is the treatment of choice.!™ In two
of our affected patients, implantation of an ICD
was performed, and in the other, treatment with
A-blockers was sufficient.

In almost 60% of patients with a clinieal

diagnosis of CPVT, mutations of the RyR2 gene
are found.'® The RyRZ gene is one of the largest
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3. Molekularné-genetické aspekty komorovych arytmii v bézné

populaci

Novotny T. Molekularné genetické aspekty v arytmologii. Vniti Lék 2003;49:768-772.

(publikovana ptehledova prace)

Byt byl tento ¢lanek publikovan jiz pted vice nez 10 lety, vétSina tezi v ném uvedenych stale
plati. Nejvétsi zmeénou je rozpoznani (€1 spise tuseni) vyznamu tzv. nekodujicich sekvenci
DNA. Ty tvoii vice nez 98% lidského genomu a dnes je jasné, Ze se nejedna o zadny ,,odpad*
(,,DNA junk*), nybrz o velmi dilezité regulacni sekvence. VétSina gent je totiz velmi
podobna napfi¢ vSemi zivociSnymi kmeny a geny jsou nékdy pfirovnavany ke klaviatuie, na
kterou lze zahrat Beethovenovu sonatu, ale také jen détsky popévek. O tom, jaka ,,skladba“
bude provedena, rozhoduje nejspise prave informace ulozena v oblastech ,,nekddujicich™

sekvenci.

80



VnitFni lékafstuf, 49, 2003, & 9, 5. 768 - 772

Molekularné genetické aspekty
v arytmologii

Novotny T.
Interni kardiologicka klinika Léka¥ské fakulty MU a FN Brno, pracovi&té Bohunice,
pFednosta prof. MUDr. BoFivoj Semrad, CSe.

Souhrn

Sekvencovani lidského genomu bylo dokonéeno v roce 2001. Je tedy stanoveno pofadi jednotli-
vych bazi v DNA - neboli znime vSechna ,,plsmena“ v sknize®, ale zatim rozumime jen omezenému
poctu »slov“ - neboli byl identifikovin jen omezeny po¢et gent. A lidsky genom zahrnuje asi 30 000
geni, které navic diky alternativnimu sest¥ihu mRNA mohou vést ke vzniku a% nékolika set tisici
raznych proteinii. Soubor vSech genia daného jedince - genotyp - podmiiiuje, jak se pod vlivem
prostiedi bude utvifet soubor jeho znaki - fenotyp. Co neni v genotypu, nemuze byt ve fenotypu.
V poslednim desetileti doslo k vyraznému pokroku v chidpani membranovych procesi v souvislos-
ti se studiem monogenné podminénych arytmickych syndromt - pfedeviim syndromu dlouhého
QT intervalu. Ten je zpﬁsoben mutaei genu pro néktery iontovy kandl a pfedstavuje model aryt-
mogeneze na molekulirni drovni. Komorové arytmie jsou vyznamnou pri¢inou umrti pacienta
s kardiovaskuliarnimi chorobami. Nové studie ukazaly, Ze i v této populaci je vyskyt malignich
arytmii familiirné zdvisly a tedy do znaéné miry geneticky podmin&ny. Ndhlé fimrti rodige zvysu-
je 1,8krit riziko niahlého umrti pro potomka. PFi ndhlém umrti obou rodiéi pak riziko pro potom-
stvo dosahuje aZ hodnoty 9,4. Genetickd variabilita rizika ndhlé smrti se kromé procesu tvorby
a propagace elektrického nnpulsu v myokardu ve muZe uplatiiovat jesté v nasledujicich oblas-
tech: 1. tvorba a stabilita aterosklerottckeho plétu, trombogeneze a ischemie v korondrnim feéis-
ti, 2. Fizeni excitability a cévni motoriky. Cilem nynej§1'ho a budouciho vyzkumu je
nalezeni dédiénych ,mnmlirmch“ ri zik arytmn. Pochopeni této urovné patofyziologickych
procesa otevie cestu nové generaci diagnostickych i terapeutickych metod.

Klicova slova: Arytmie - Gen - Iontovy kanil - Ndhla smrt

Summary: Novotny T.: Molecular Genetic Aspects in Arrhythmology

The sequencing of human genome was completed in 2001. The position of particular DNA base is
established - i. e. we know all “letters” in the “book” but we understand only limited number of
“words” i. e. only limited number of genes was identified. And the human genome consists of
about 30 000 genes from which through the mechanism of alternative RNA splicing more than 100
000 genes can be derived. All the genes of one individual form the genotype. The expression of
genotype in particular environment forms the phenotype. What is not present in genotype can
neither be present in phenotype. In the last decade a substantial progress was achieved in under-
standing of membrane processes mostly due to research of relatively rare inherited monogenous
arrhythmic syndromes - first of all the long QT syndrome. It is caused by mutations in ion channel
genes and it provides a model of arrhythmogenesis on molecular level. Ventricular arrhythmias are
important cause of mortality in patients with cardiovascular diseases. New studies have provided
strong evidence for familial sudden cardiac death (S3CD) aggregation and therefore also genetic influen-
ce. Parental history of SCD increases the relative risk of SCD for offsrping to 1.8. In the case of both
maternal and paternal SCI) events the risk for offspring is a remarkable 9.4. There are 3 pathways by
which genetic variation may contribute to risk for SCD: 1. alterations in electrogenesis and conducti-
on, 2. formation and stability of atherosclerotic plaque, thrombogenesis and ischemia within the coro-
nary circulation, 3. conirol of myocardial excitability and vascular motorics. The main objective of
both today and future research is identification of inheritable “molecular” risk factors of arrhythmias.
Understanding of this level of pathophysiological processes will subsequently lead to new generation of
both diagnostic and therapeutic methods.

Key words: Arrhythmias - Gene - Ion channel - Sudden death

Vniti. Lék., 49, 2003, No. 9, p. 768 - 772

Uvod

tili geneticky kéd nukleovych kyselin (18).

Na

ko-medicinska vyroéi: pFed 100 lety Einthoven pub-
likoval prvni praci o vyuZiti elektrokardiografie

(EKG) (1) a pied 50 lety Watson s Crickem rozlus-

Arytmologie - jakoZto podobor kardiologie - je

rok 2003 pfipadaji dvé vyznamnd biologic- zaloZena prdvé na interpretaci EKG zdznamu, at

uz povrchového nebo intrakardidlniho. Kazda EKG
ktivka je vysledkem procest, které v srdci probiha-

Pfedneseno na 124. internistickém dnu - XIX. Vanyskové dnu ,Elektrické srdeéni potencialy - 100 let EKG v interni praxi® dne
21. bfezna 2003 v Brné.

768

81



metnin 'aspiagin anilln argilnin pin- s}rin rﬁln Ieiln Ieuluin

Obr. 1. Geneticky kdd - trojice bazi DNA - tzv. kodon - uréuje konkrétni aminokyselinu a jeji postaveni v fetézei bilkoviny

ji na molekuldrni trovni - tedy vysledkem toku
iontd bilkovinnymi kanély nap¥i¢ bunéénou mem-
branou. Struktura vSech bilkovin je zakédovana
v pofadi nukleovych kyselin - v genech - které kaz-
dy jedinec dédi po svych rodié¢ich (obr. 1).

Piislovi ,Jablko nepadd daleko od stromu® vy-
jadfuje, Ze lidé si jiZz odeddvna uvédomuji fenomén
dédiénosti. Teprve viak pfed pildruhym stoletim
Mendel polozil zdklady nové védy o dédiénosti -
genetiky. Dnes je genetika nedilnou souédsti medi-
ciny a odbérem rodinné anamnézy ji praktikuje
kazdy lékat. Vyznamnym milnikem v déjinach to-
hoto oboru je dokonéeni sekvence lidského genomu
6, 17).

Téma tohoto éldnku je velmi obsahlé, neni tedy
mozZno se vyhnout ¢asto i radikdlnimu zestruénéni
nékterych problémi.

Lidska geneticka informace - lidsky ge-
nom

Sekvencovani lidského genomu bylo dokonéeno
vroce 2001. Je tedy stanoveno poradi jednotlivych
bazi v deoxaribonukleové kyseliné (DNA) - neboli
zname viechna ,pismena“ v ,knize“, ale zatim ro-
zumime jen omezenému poétu ,slov® - neboli byl
identifikovan jen omezeny pocet gent. A lidsky

genom zahrnuje asi 30 000 genti, které navic diky
alternativnimu sestiihu messengerové ribonukle-
ové kyseliny (mRNA) a posttranslaénim dpravdm
mohou vést ke vzniku aZ nékolika set tisicl riz-
nych proteina (obr. 2). Soubor viech genti daného
jedince - genotyp - podmitiuje, jak se pod vlivem
prostfedi bude utvafet soubor jeho znak - fenotyp.
Co neni v genotypu, nemize byt ve fenotypu.

Molekulirni arytmologie

Pro arytmologii m4 z molekuldrné-genetického
pohledu zéasadni vyznam vyrazny pokrok v chdpani
membrédnovych procesi, k némuz doslo v posled-
nim desetileti. Byla identifikovdna fada jednotli-
vych iontovych proudd a jejich proteinovych kana-
11, které se podileji na tvorbé akéniho potencidlu.
U vétsiny z nich zndme alespon gen kédujici jejich
hlavni proteinovou pedjednotku. Zasadni poznatky
v této oblasti byly ziskdny zejména p¥i vyzkumu
relativné vzacnych monogenné podminénych aryt-
mickych syndromi - pfedeviim syndromu dlouhé-
ho QT intervalu (LQTS) a Brugada syndromu. Ty
jsou zplisobeny mutaci genu pro néktery iontovy
kanél a tak pfedstavuji model pro studium procesti
arytmogeneze na molekuldrni drovni (10, 11).

|

v

transkripce

Obr. 2. Alternativni sestfih RNA - jeden gen miiZe d4t vznik vice pFibuznych proteinfi. Exon - kédujici isek genu
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Syndrom dlouhého QT intervalu
a Brugada syndrom

Pacienti trpici témito chorobami maji vysoké
riziko malignich komorovych arytmii a ndhlé sr-
deéni smrti (NSS). Jak bylo uvedeno vy$e, obé
onemocnéni fadime mezi tzv. monogenni poruchy.
Znamena to, Ze jejich pfiznaky je moZno v zdsadé
vysvétlit postiZenim jediného konkrétniho genu.
U LQTS byly doposud identifikovany mutace 5
genli pro kanalové proteiny nesoucich iontové
proudy INa, IKs a IKr v srde¢nich myocytech (ta-
bulka 1). U Brugada syndromu byly prokdzéno po-
stizeni INa odlisného typu nez u LQTS.

Tab. 1. Typy LQTS ve vztahu ke gentm a jejich pro-
dukti

um
Typ Chromosom | Gen Iont. kanal
LQTS a lokus
Jervell a Lange-Nielsen syndrom
JLN1 11pl55 KCNQ1 (KVLQT1) | alk.
JLN 2 21q221-222 | KCNE1 B Ixs
Romano a Ward syndrom
LQT1 11p15.5 ECNQ1 (KVLQT1) | alks
LQrT2 7935-36 KCNH2 (HERG) o Ige
LQr3 3p21-24 SCN5A o INa
LQT 4 4q25-27 ? ?
LQT5 21q22.1-22.2 | KCNE1 minK (B Iks)
LQT 6 21q22.1 KCNE2 MIRP (B Ix)
LQT7 m

Jedinci s Jervell — Lange-Nielsen syndromem jsou hemozygo-
ti, Romano Ward pak heterozygoti.

o, B — podjednotky iontovych kanald, Iks — pomalu se aktivuji-
ci opoZdény rektifikujfei K* proud faze 3 akéniho potencidlu
kardiomyocyti, Ik — rychle se aktivujici rektifikujic K* proud
faze 3 akéniho potencidlu kardiomyocyt, INa — rychly Na*
proud faze 0.

Klidovy i akéni potencidl (AP) srdeénich myo-
cyti je tvofen kiehkou rovnovahou mezi iontovymi
proudy dovnitf a ven z bufiky (obr. 3). Poskozeni
kteréhokoli z nich miZe tuto rovnovdahu narusit
a vést tak ke zméné trvani AP. ProdlouZeni AP
a tim i prodlouZeni QT intervalu tedy teoreticky
muZe byt zpisobeno jak zesilenim nebo prodlouZe-
nim depolarizaénich proudi (tedy INa a ICaL), tak
oslabenim ¢i zkracenim repolarizaénich proudd
(pFedeviim ITO1, IKr a IKs).

Nejduilezitéj§imi ionty v tvorbé klidového i ak-
¢éniho potencidlu (AP) jsou kationty sodny (Na*),
draselny (K*) a vdpenaty (Ca?'), které jsou po obou
strandch membrédny rozloZeny nerovnomérng,
éimz vznikaji napétové gradienty. Na jejich udrZeni
se podilf Fada aktivnich mechanismt. Tak v oka-
mziku klidového potencidlu je vné bunééné mem-
brény vyrazné pfevaha Na* a Ca?, uvnitf pak pfe-
vaha K*. Pro transport iontd pies bunéénou mem-
branu jsou dualeZité specializované bilkovinné
struktury - iontové kandly. Po otevieni téchto ka-
nald teéou piisluiné iontové proudy ve sméru gra-
dientli nap¥i¢ membranou. Pro elektrofyziologii AP

jsou dilezité predevsim tzv. ,napétové vratkované
(voltage gated) iontové kandly. To znamena4, Ze se
oteviraji a zaviraji v zavislosti na aktualnim napéti
na bunééné membranég, tedy vlastné v zdvislosti na
pfesunech iontt pfes membrédnu. Tyto kandly jsou
navic vysoce selektivni pro konkrétni iont. Tradié-
né se na AP popisuje 5 fazi: faze 0 - rychl4 depola-
rizace, faze 1 - ¢asna repolarizace, faze 2 - ,plate-
au”, fdze 3 - pozdni rychld repolarizace, faze 4 -
klidovy membréanovy potencidl. Klidovy membra-
novy potencidl (méné nez -80 mV) je vytvafen pfe-
dev&im ¢innosti Na*/K* pumpy, déle pak jsou v této
fazi otevireny nékteré K+ kanaly. V okamziku, kdy
membranovy potencidl éinnosti pacemakerovych
center dosdhne -70 mV, otevira se Na* kan4l. Vy-
sledkem je mohutny ale velmi kratce trvajici (cca 2
ms) proud sodiku do buriky (INa) vedouci k depola-
rizaci bunééné membrany. Vzépéti se s riznym
zpozdénim oteviraji repolarizaéni, pfevazné K* ka-
naly. Jako prvni je to tzv. ,pFechodny proud ven
z butiky“ - transient outward (ITO1 a ITO2), vy-
sledkem je faze 2 - rychly, ale kratce trvajici pokles
AP. Zaroven se totiz zadind otevirat L typ Ca*
kandlu (ICaL), ktery po néjakou dobu bréani dokon-
¢eni repolarizace (fiaze plateau). Mezitim nabyva
na sile tzv. opozdény rektifikujici (delayed rectifier
- DR) K* proud (IK), ktery mé v komorovych myo-
cytech 2 slozky - rychle (rapidly) se aktivujici DR
(IKr) a pomalu (slowly) se aktivujici DR (IKs). Pre-
dev8im ty pak dokonéuji ndvrat membrdnového
potencidlu ke klidovym hodnotam (12)

Obr. 3. Klidovy a akéni potencidl kardiomyocyta
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Prodlouzeni trvéni repolarizace, tedy prodlou-
zeni QT intervalu, usnadiiuje vznik arytmii na
podkladé tzv. éasnych néslednych depolarizaci -
wearly afterdepolarizations“ - kdy dochézi ke zno-
vuotevieni depolarizujicich kanali (INa nebo ICa)
jesté pred ukonéenim repolarizace, tedy pied ,do-
konéenim“ AP. Vznik4 tak nepravidelny sled rych-
le po sobé se opakujicich depolarizaci, které mohou
vést ke vzniku polymorfni komorové tachykardie
typu ,torsade de pointes* (TdP). K tomuto predéas-
nému otevireni vySe uvedenych kanalt dochazi p¥i
takovém prodlouzeni repolarizace, které &asové
presahne dobu nutnou ke zotaveni depolarizaénich
kandli a tak umozni jejich opétné otevieni.

PostiZeni dosud zndmych genu vysvétluje kli-
nicky obraz LQTS jen u asi 50 % pacientt a dokon-
ce jen u 30 % pacientti s Brugada syndromem.
U ostatnich ptfedpokldddme podobny mechanis-
mus, konkrétni geny v8ak dosud nezndme. Velice
pravdépodobné lze uvaZovat i o kombinaci postize-
ni vice genii nejen pro iontové kandly, ale i napf.
jejich regulaéni proteiny. I u dosud zndmych typt
LQTS totiz klinické vyjadfeni u riznych ¢lenti téze
rodiny vyrazné kolis4, i kdyZ jsou nositeli téze mu-
tace. Nap¥. ve 24¢lenné rodiné sledované na naSem
pracovisti je 9 nositeld mutace genu KCNQ1,
z nichZ u jedné Zeny si recidivujici arytmie vyz4da-
ly implantaci kardioverteru-defibrildatoru, u jiné
nositelky stejné mutace naopak dosud nebylo za-
chyceno ani prodlouzeni QT intervalu (16). Je tedy
ziejmé, Ze i obraz choroby, kterou povazujeme za
monogenni, je ve skute¢nosti vysledkem kombina-
ce mnoha p¥i¢in. Z genetického hlediska hovofime
v téchto souvislostech o tzv. genovém pozadi. Tento
ponékud vagni termin vyjadfuje nage nedostate¢né
znalosti a pochopeni problému.

LQTS a Brugada syndrom jsou také nékdy
oznatovany jako elektrickd onemocnéni srdce, ne-
bof komplexnim kardiologickym vySetFenim
u téchto pacienti neprokdzeme strukturdlni one-
mocnéni srdce.

Nidihla srdeéni smrt na molekularni
urovni u strukturalnich onemocnéni
srdce

Ackoli k nasemu chdpéni arytmogeneze piispé-
lo pfedevim studium relativné vzacnych elektric-
kych onemocnéni srdce, jsou maligni komorové
arytmie predeviim vyznamnym mechanismem
umrti pacienti, ktefi trpi spoleéensky vyznamny-
mi akutnimi i chronickymi onemocnénimi srdce.
Jsou zodpovédné minimélné za polovinu dmrti pa-
cientii s ischemickou chorobou srdeéni a kardiomy-
opatiemi (19). Nedavno byly publikovény vysledky
2 geneticky zaméfenych populaénich studif (2, 4).
Multivaria¢ni analyza konvenénich rizikovych fak-
tord pro ICHS (faktory biologické, dietetické a fak-
tory prostiedi) ukézala, Ze pozitivni rodinnd anam-
néza nihlé srdeéni smrti (NSS) je silnym nezavis-
lym rizikovym faktorem NSS pro potomstvo.

Anamnéza nahlého dimrti u rodiée zvysuje 1,8krat
riziko nahlého umrti pro potomka. V piipadé ndh-
lého vmrti obou rodi¢t pak relativni riziko pro
potomstvo dosahuje pfekvapivé vysoké hodnoty
9,4. Pfes problémy s oznagenim konkrétniho dmr-
ti za ,ndhlé“ bezpochyby tyto studie podévaji pie-
svédéivy dikaz o familidarnim vyskytu NSS i v béz-
né populaci (14). P¥i védomi familidrné spoleéné
sdilenych vnéjich rizikovych faktort je tedy ziej-
ma existence geneticky podminénych odchylek fy-
ziologickych procesti zvygujicich riziko NSS. Muta-
ce jednotlivych gent zde pravdépodobné hraji jen
malou roli. Spige se jedn4 o vysledek spole¢ného
pusobeni mnoha geni, o polygenni etiologii. V tom-
to pifpadé se pak mohou uplatiiovat i tzv. b&zné
polymorfismy DNA (tj. odchylky vyskytujici se
v rizném procentu v populaci a povazované za va-
rianty normy, nékdy hovofime tézZ o tzv. interme-
diarnich fenotypech).

Geneticka variabilita rizika ndahlé smrti se kro-
mé vySe zminénych 1. procesd tvorby a propagace
elektrického impulsu v myokardu ve mize uplat-
fovat jesté v ndsledujicich oblastech: 2. procesy
a faktory tvorby a stability aterosklerotického pla-
tu, trombogeneze a ischemie v korondrnim feéisti,
3. centrdlni i mistni ¥izeni excitability myokardu
a cévni motoriky.

Ad 1) Jedinci s vy&&im rizikem NSS teoreticky
mohou byt nositeli dosud latentnich mutaci v ge-
nech pro iontové kandly, napi. pravé téch, o kte-
rych uz vime, Ze se uplatiiuji v patogenezi LQTS
a Brugada syndromu. Dédle to mohou byt i regulaé-
ni proteiny iontovych kandli nebo proteiny cyto-
skeletu, které kanaly zakotvuji v jejich pozicich (8).

Ad 2) Ateroskleréza, tromboza a infarkt pred-
stavuji populaéné nejvyznamnéjsi pfi¢inné faktory
letdlnich arytmii. Vyzkumu téchto procesii na mo-
lekulédrni drovni je vénovéana velka pozornost a se-
znam kandid4tnich geni, jejichZ mutace nebo i po-
lymorfismy mohou ménit malignim zpisobem prii-
béh choroby, je velmi dlouhy. Pfimé souvislost
téchto patologii s NSS zatim studovdna nebyla,
nicméné jsou zndmy asociace s vyssi kardiovasku-
larni mortalitou napt. u polymorfismi lipoprotei-
ni a jejich receptord (15). UZsi vazbu na riziko NSS
budou mit jisté faktory p¥imo ovliviiujici riziko
ruptury aterosklerotického pldtu. Jsou nap¥. zna-
my dédiéné odchylky metaloproteinaz interceluldr-
ni matrix, které podporuji odbourdvani vazivové
cepicky platu (3). Radu podobnych ptikladi je moz-
no uvést pro procesy trombogeneze.

Ad 3) Piikladem variability autonomniho ner-
vového systému je polymorfismus (Ile164) p2-adre-
nergniho receptoru, ktery je u pacientt se srdeé-
nim selhdnim asociovdn se zvy$enou mortalitou
(7). Intenzivné studovanym plisobkem je také en-
dothelin, Vyskyt jedné z jeho variant je vy u je-
dinct se 8patnou toleranci komorovych tachykardii
(5).

Je tfeba mit stdle na paméti, ¥e a¢ zname
asociace nékterych mutaci & polymorfismi s urdi-
tym klinickym stavem, nezndme vétdinou vlastni
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mechanismus, jakym se tyto mutace ¢ polymorfis-
my uplatfiuji.

Fenomén proarytmie

Ddlezitou roli hraje i vyzkum fenoménu pro-
arytmického plisobeni nejriznéjsich, nejen antia-
rytmickych, prepardta. Jednd se o rozsdhlé téma
zasluhujici samostatny ¢lanek. Zgjemce o podrob-
né&jsi informace odkazuji na élanek vénovany prob-
lematice proarytmii v tomto éfsle Vnit¥niho 1ékaf-
stvi (13) a na nasi praci publikovanou v roce 2002
v dasopise Ceska a slovensk4 psychiatrie (9).

Zavér

Stojime na poéatku nové éry. Cilem nynéjsiho
u budouctho vyzkumu je identifikace dédiényech
smolekuldrnich® rizik malignich arytmii a odkryti
mechanismi, kterymi se jednotlivé polymorfismy
uplatiiuji v uréovéni drovné intermediarnich feno-
typt a tim i v ureni miry rizika. Pochopeni této
lrovné patofyziologickych procest otevie cestu
nové generaci diagnostickych i terapeutickych me-
tod.

Vyzkum je podporovan granty IGA MZ NA
5718-3 a NA 7424-3.
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3.1. Vyskyt variant genti pro iontové kanaly u pacientil s vysokym rizikem nahlé

smrti

Jak bylo uvedeno ve vySe vloZené piehledové praci, existuji dnes piesvédivé dikazy o
familiarnim vyskytu nahlé srde¢ni smrti v bézné populaci. V roce 1998 navrhl Roden koncept
repolarizacni rezervy (23): ve zdravém srdci zajist'uji normalni pribéh repolarizace vicecetné
redundantni mechanizmy. Porucha jednoho z téchto mechanizmii nevede k poruse
repolarizace ani ke zmén¢ intervalu QT. Avsak v zatézovych podminkach (napft. ischémie ¢i
hypokalémie) mohou byt kompenza¢ni mechanizmy vycerpany a dosud latentni mutace genti

pro iontové kanaly mtize zvysit riziko malignich arytmii.

Novotny T, Kadlecova J, Raudenska M, Bittnerova A, Andrsova I, Florianova A, Vasku A,
Neugebauer P, Kozak M, Sepsi M, Krivan L, Gaillyova R, Spinar J. Mutation analysis of
ion channel genes in ventricular fibrillation survivors with coronary artery disease. Pacing
Clin Electrophysiol 2011;34(6):742-9.

IF 1,351

(Publikovana piivodni prace — kvantitativni podil uchazece 30 % - koncept, koordinace prace

zucCastnénych pracovist, identifikace vhodnych pacientt, analyza dat, text publikace)

Prace hodnoti vyskyt kddujicich variant v genech pro iontové kanaly myokardu u
selektovanych pacientl se strukturdlnim onemocnénim srdce a nizkou ejekéni frakci, kteti
byli Gspésné resuscitovani pro dokumentovanou fibrilaci komor, tedy piezili nahlou smrt.
Kodujici varianty genli asociovanych s LQTS byly u nich nalezeny signifikantné Castéji nez
v kontrolnich populacich, coz potvrzuje mechanistickou roli téchto geni v patofyziologii

nahlé smrti u pacientii s ischemickou chorobou srdec¢ni.
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Background: Observations from population-based studies demonsirated a strong genetic component of
sudden cardiac death. The aim of this study was fo test the hvpothesis that ion channel genes mutations
are more common In ventricular fibrillation (VF) survivers with coronary artery disease (CAD) compared
to controls.

Methods: The entire coding sequence of KCNQ1, KCNH2, SCN5A, KCNE1, and KCNEZ2 genes was
analyzed in 45 (five females) CAD individuals—survivors of documented VF and in 90 matched healthy
controls. In another control group of 141 maitched patients with CAD without malignant arrhythmias, the
exons confaining rare coding variants found in the VF survivors were sequenced.

Results: The carrier frequency of all the rare sequence variants was significantly higher in the VF
survivors (8/45, 17.8%) than in CAD controls (3/141, 2.2%, P = 0.001). In VF survivors, four coding
variants in eight individuals were found. Three in KCNH2 gene: R148W and GAG186del are novel; P3478
was previously related to long QT syndrome. In SCN5A gene, P2006A variant was found in five unrelated
males. This variant has been demonstrated previously to have small effect on sodium channel kinetics.
No rare coding variants were found in the healthy controls. The P2006A variant was found in three CAD
controls.

Conclusion: The prevalence of selected, rare coding variants in five long QT genes was significantly
higher in cases versus controls, confirming a mechanistic role for these genes among a subgroup of patients

with coronary disease and VF. [PACE 2011; 34:742-749]

sudden death, ventricular fibrillation, jon channel, mutation

Introduction

Approximately 50% of all coronary heart
disease deaths are sudden. Each year, several
hundred thousand individuals die due to sudden
cardiac death (SCD) in both the United States
and the European Union.' Observations from
population-based studies demonstrate a strong
genetic component of SCD.*%%% It is clear that
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there must be genetically determined variations
of physiological processess that increase the risk
of SCO. One of the pathways by which genetic
variation in pathophysiological mechanisms may
contribute to increased risk of SCD is electro-
genesis and conduction in myocardium. It is
well known that myocardial ion channel gene
mutations lead to increased SCD risk in patients
with relatively rare diseases, such as long QT
syndrome (LOTS) and Brugada syndrome. In some
LOTS families, up to 75% of carriers of pathologic
mutations remain completely asymptomatic, that
is, they did not even present with prolonged QT
interval.® Therefore, a normal QT interval value
does not automatically exclude that particular
individual as a carrier of potentially dangerous
mutation. Recently, it has been shown that the
prevalence of LOTS is at least 1:2500. Similarly,
in the general population the prevalence of ion-
channel gene polvmorphisms may be much higher
than previously thought” Such variants could
predispose individuals in the general population

2011, The Authors. Journal compilation @2011 Wiley Periodicals, Inc.
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GENES IN VENTRICULAR FIBRILLATION SURVIVORS WITH CORONARY ARTERY DISEASE

to SCD. In the present study, we performed mu-
tational analysis of five LQTS-related myocardial
ion-channel genes in patients with coronary artery
disease (CAD) and wventricular fibrillation (VF)
documented at the time of SCD event and in a
control population.

Methods
Investizgated Subjects

The group of patients consisted of 45 Cau-
casian patients (five females) from the region of
south Moravia in the Czech Republic (popula-
tion approximately 1.5 million individuals). The
primary inclusion criterion was VF documented
at the time of circulatory arrest not related to
acute phase of myocardial infarction (i.e., more
than 48 hours after index event). Such individuals
were identified from the implantable cardioverter
defibrillator (ICD) registry of our department,
partially retrospectively (vears 1998-2006): from
2007 new consecutive patients were included
prospectively. Two patients suffered VF while
staying in a hospital for more than 72 hours after
acute myocardial infarction. All other individuals
suffered circulatory arrest in the out-of-hospital
setting: VF was recorded by emergency car staff.
Patients were successfully resuscitated and then
transferred to our department, either directly or via
regional hospitals. After circulatory stabilization
and improvement in mental status, all patients
underwent comprehensive cardiological examina-
tion. None of the patients had an acute myocardial
infarction at the time of arrhythmia according
to electrocardiogram (ECG) and serum troponin
level analysis. In all patients, CAD was confirmed
by coronary angiography findings of significant
stenoses [>70%) or chronic occlusions., The left
ventricle ejection fraction (LVEF) was calculated
from echocardiography analysis. In three patients,
(T interval assessment was not possible due to
left bundle branch block or atrial fibrillation.
MNone of the other 42 patients showed substan-
tial T interval prolongation or Brugada-like
ECG.

A total of 231 geographically, sex-, and age-
matched control individuals were divided into
two groups. The first control group consisted
of 90 individuals who underwent basic medical
investigation and were assessed as healthy:
detailed ECG information was not available for
this cohort. The second group consisted of 141
patients with CAD who were hospitalized at our
department owing to an acute coronary event.
For all patients. the diagnosis was confirmed by
coronary angiography. All patients had depressed
LVEF and they were alive at least 3 years after
the index event. Thus, they could be considered

PACE, Vol. 34

Table I.

Clinical Characteristics of Investigated Individuals

SCD Healthy CAD
Survivors Controls Controls
{n:45} {n:Bﬂ} [I‘l: 141}
Malefemale 40/5 80/10 12912
Age 63.2+79 6BEEXE2 667105
Left ventricle 40 £ 12% — 42 + 9%
gjection
fraction
History of 32 (719%) 0 127 (90%:)
myocardial
infarction

SCD = sudden cardiac death; CAD = coronary artery disease.

as a CAD group with a low risk of SCD. Clinical
characteristics of both groups are summarized in
Table I

Informed consent was obtained from all the
individuals and peripheral blood samples were
taken for genomic DNA preparation. The study
protocol was approved by the Ethical Committee
of the University Hospital Brno and conforms to
the ethical guu:lehnes of the 1975 Declaration of
Helsinki.

Genomic DNA Samples and Polymerase Chain
Reaction Amplification

The coding sequences of KCN(Q1, KCNH2,
SCN5A, KCNE1, and KCNEZ genes were analvzed
(GenBank accession nos. AF0D00571, NMO0O0D238,
NTo22517. NM000219, NM005136). Genomic
DNA was extracted from peripheral blood samples
according to a standard protocol using DNA
BloodSpin Kit (MO BIO Laboratories, Inc., Carls-
bad, CA, USA), and the classical method of ethanol
progression. Exons of KCNQ)1, KCNHZ, and KCNE1
genes were amplified by multiplex polymerase
chain reaction ([PCE): previously reported intronic
oligonucleotide primers were used.®® A total of
34 intronic oligonucleotide primer pairs were
used to amplify the coding area of SCNGA
(modified according to reference 10) The PCR
amplifications were performed using Tog DNA
polymerase (Fermentas, Inc., Glen Burnie, MD,
USA) and HotStarTaq Master Mix (Qiagen, Inc.,
Valencia, CA, USA). Each PCR was performed in
200-p L. thin-walled PCR tubes in a total reaction
volume of 25 pl. Each PCR amplification was
performed using a SensoQuest Labcycler (Progen
Scientific, Ltd., Mexborough, UK) and a Perkin
Elmer 2400 machine (Applied Biosystem, Foster
City, CA, USA).
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Mutation Analysis

Single-strand conformation polymorphism
(55CP) and DMNA sequence analyses were used to
screen for KCNQ1, KCNH2, SCN5A, and KCNE1
gene mutations. In the case of exons 15, 17-1, and
23 of SCN5A and exon 3 of KCNE1, the high-
resolution melting (HRM) method was used.

SSCP Analysis

For the analysis of all genes, 2-ul. aliquots
of the amplified samples were mixed with 4
pl of bromphenol blue loading dye (95% for-
mamide; 10 mmol/L. ethylenediaminetetraacetic
acid (EDTA); 0.1% bromphenol blue; 0.1% xylene
cyanol) and were denatured at 94°C for 5 minutes,
then cooled rapidly on ice and held for 5 minutes.
Denatured multiplex PCR samples of KCNQ1 were
analyzed in multiplex SSCP in 10% and 12%
polyacrylamide gels (crossling 40:1) at 10°C and
15°C/12 /120 V. The fragments shown to have
single-strand mobility in multiplex S5CP were
reanalyzed by separate exon SSCP analysis under
the same electrophoretic conditions. Analysis of
multiplex PCE of KCNHZ gene was performed
using 8% polvacrylamide gel (crossling 50:1)
at 8.5°C/3 h/40 W followed by separate exon
S5CP analysis under the same electrophoretic
conditions.

Denatured samples of the SCN5A gene were
loaded into nondenaturing polyacrylamide gels
with two layers (5% and 9%) and run at 210 V
and 10°C for 6-8 hours according to the length of
each fragment (Multigel-Long. Whatman Biome-
tra, GmbH, Gittingen, Germany).

The bands were visualized by silver staining.

HEM Analysis

HRM analysis was performed using a LightCy-
cler 480 real-time PCR system and high-resolution
Melting Master Kit (Roche Diagnostics, GmbH,
Mannheim, Germany). PCR products were used as
loaded samples. Primers were the same as those
used for 35CP.

DNA Sequencing

In cases of different band patterns, sequencing
was performed with forward and reverse primers.
To reduce the risk of polymerase-induced errors
and false-positive results, the PCR produocts
suspected of sequence change were reamplified
before sequencing.

For purification of the amplified samples,
MinElute PCR Purification Kit (Qiagen. Inc.) was
used. Cycle sequencing was performed using the
Big Dye Terminator Kit (Applied Biosystems), and
the DyeEx2.0 Spin Kit (Qiagen, Inc.) was used
for purification of samples after cycle sequencing.

744 June 2011

Exons were sequenced using the ABI PRISM 310
instrument (Applied Biosystems).

The resulting sequences of the screened
KCNQ1, KCNH2, SCN5A, and KCNE1 genes were
aligned with the wild-tvpe sequences deposited
in NCBI (GenBank accession nos AFO000571,
NMO00238, NT022517, NM000219).

Statistics

The distributions of allelic frequencies and
their differences were calculated using x* tests.
Odds ratio (OR) and 95% confidence interval (CI)
were calculated to estimate the risks associated
with the detected polymorphisms. To calculate the
significance of OR, Fisher's exact test was used.
The program package Statistica v. 8.0 (Statsoft
Inc., Tulsa, OK, USA) was used for all statistical
analyses.

Results
Coding Variants in VF Survivors

The full coding sequences of KCNQ1, KCNHZ,
SCN5A, KCNE1, and KCNEZ genes of all the VF
survivors were analyzed. Nonsynonymous single
nucleotide polymorphisms [SNFP) were present in
eight male patients. None of these individuals
showed QT interval prolongation or Brugada-like
ECC.

In the KCNQ! gene, nonsynonymous changes
were not identified. In the KCNHZ gene, three
nonsynonymous changes in three individuals
were found: R148W and the in-frame deletion
GAG186del are novel, whereas P347S has previ-
ously been reported as related to LOTS. !

In the SCN5A gene, we identified the known
common polymorphism H558R with an allelic
frequency of 20.46%. A nonsynonymous variant
P2006A was found in five unrelated male patients,
yielding an allelic frequency of 5.68%. This
variant had been described previcusly as rarely
reported in only two of 829 healthy individuals'
and also in one individual who died due to sudden
infant death syndrome.” Previously, the P2006A
variant has been shown to have a small, vet
statistically significant, effect on sodium channel
kinetics.

In the KCNET gene, two known common
polymorphisms were found: G385 with an allelic
frequency of 42.2%, and D85N found in one
patient (1.11%). In the KCNE2 gene, no DNA
changes were found.

Coding Variants in Healthy Controls

The full coding sequences of KCNQ1, KCNHZ,
SCN5A, KCNE1, and KCNEZ? genes were analyzed
in 90 healthy control individuals. In the SCN5A
gene, the known common polymorphism H558R
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Table II.
Coeding Variants in SCD Survivors and CAD Controls

Minor
Minor Allele Allele
Frequency Frequency
(%) SCD (%) CAD
Mucleotide Amino Acid Survivors Number of Controls Number of
Gene  Exon Change Change Region (N = 45) Genotypes (N=141) Genotypes P
KCNHZ2 3 C442T R148W M-term 1.1 CC =44, 0 CC=141, -
CT=1, CT=0,
TT =0 TT=0
4 560 _5G6&deld GAG186del  N-term 1.1 non = 44, 0 non = 141, —
nonidel = 1, non‘del =0,
del =0 del=0
5 C1038T P3475 M-term 1.1 CC =44, 0 CC=141, -
CT=1, CT=0,
TT =0 TT=0
SCN5A 28 Ce01EG P2006A C-term b8 CC =40, 1.1 CC =138, 0.
CG =25, CG=3,
GG=0 GG=0

SCD = sudden cardiac death; N-term = N-terminus of the gane; C-tarm = C-terminus of the gens; CAD = coronary artery diseass; P =

P-value of probability of case-control difference in allelic frequencies.

was found with an allelic frequency of 27.01%.
In the KCNET gene, two common polymorphisms
were found: G385 with an allelic frequency of
29.3% and D85N with an allelic frequency of
1.67%. No rare coding variants were found in this

group.

Coding Variants in CAD Controls

The exons containing rare coding variants
found in VF survivors were sequenced in the
control group of 141 patients with CAD without
arrhythmias. The KCNHZ gene variants R148W,
GAG186del, and P347S were not present in
any of these control samples. The SCN5A gene
variant P2006A was found in three CAD control
individuals, giving an allelic frequency of 1.1%.

Statistics

The allelic frequency of the common poly-
morphism H558R of the SCN5A gene did not
differ between the VF survivors (20.46%) and the
healthy controls (26.67%, P = 0.319). The same
was true for the two previously described common
SNPs of the KCNE1 gene: G385, which had an
allelic frequency of 42.2% in the patients and
20.4% in the healthy controls (P = 0.04)., and
DasN, which was found in one patient and three
controls (P = 0.721).

PACE. Vol. 34

The carrier frequency of all the rare sequence
variants (R148W, GAG186del, P3475 in KCNHZ,
P2006A in SCN5A) was significantly higher in
the VF survivors (8/45, 17.8%) than in the CAD
controls (3/141, 2.2%, P = 0.001). Evaluated
according to OR, the risk of this genotype in the VF
survivors is 8.36 (95% CI 2.13—-32.84, P = 0.001).

The allelic frequency of the rare variant
P2006A of the SCN5A gene was significantly
higher among the VF survivors (5.6%) compared
with the healthy control subjects (0%, OR 11.13,
a5% CI 1.26—-98.34, P = 0.003). The same was
true for allelic frequencies of this polymorphism
in the VF survivors (5.6%) and the CAD control
subjects (1.1%, P = 0.01, OR 5.75, 95% CI =
1.32-25.11, P =0.02). There were no differences in
the frequency of this variant between the healthy
controls (0%) and the CAD control subjects (1.1%,
P = 0.226).

The results are summarized in Tables II-IV.

Discussion

In the present study, we performed a mutation
analysis of five cardiac ion-channel genes in VF
survivors with CAD to test the hyvpothesis that ion-
channel gene polymorphisms are more common in
SCD cases compared with a control population.
Our hypothesis was based on findings from
previous population studies that demonstrated
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Table lll.

Coding Variants in SCD Survivers and Healthy Controls

Minor
Minor Allele Allele
Frequency Frequency
(%) (%)
SCD Healthy
Nucleotide  Amino Acid survivors MNumber of Controls Number of
Gene Exon Change Change Region (N =90) Genotypes (N =90) Genotypes P
KCNHZ 3 C442T R148W M-term 1.11 CC =44, 0 CC =190, 0333
CT=1, CT=0,
4 5B0_H6Bdels GAG18&del M-term 1.1 non = 44, 0 non = 20, -
non/del =1, non'del = D,
del =0 del =0
5 c1039T7* P3475 M-term 1.11 CC =44, 0 CC =90, 0333
CT=1, CT=0,
TT=0 TT=0
KCNET 3 G112A G385 Extracellular 422 GG = 14, 29.4 GG =41, 0.04"
GA =24, GA =41,
AA =T AA=5
3 G253A DBsM Cytoplasmatic 1.11 GG = 44, 2 GG =287, 0.721
GA=1, GA =23,
AA=0 AA=0
SCN5A 12 A1BT3G H558R DDl 21.11 Al = 28, 26.687 AA =47, 0319
AG =10, AG =38,
GG =0 GG=5
28 Ce01eG P200&6A C-term b6 CC =40, 0 CC =90, 0.003
CG =5, CG=0,
GG =0 GG=0

SCD = sudden cardiac death; N-term = N-terminus of the gene; DI-DI = linker of the DI and DIl domains of the gene; CAD = coronary
artery disease; P = P-value of probability of case-control difference in allslic frequencies. Mot significant after correction on double

polymorphism.

a strong genetic component of SCD. One of
the pathways by which genetic variation in
pathuphysmloglcal mechanisms may coniribute
to increased risk of SCD is electrogenesis and
conduction in the myocardium. In our study, the
carrier frequency of all the rare sequence variants
was significantly higher in the VF survivors (8/45,
17.8%) than in CAD controls (3/141, 2.2%, P =
0.001). In the healthy controls no rare coding
variants were found.

Recently, several studies have investigated
this issue. The first was conducted as part of
the Oregon Sudden Unexpected Death Study.'?
In 67 (18% female) SCD cases and 91 control
individuals. mutation analysis of the SCNGA
geNe was perfn::rmed Nonsynonymous nucleotide
changes were found in 4% of the cases and 1%
of the controls (P = 0.31). Other genes were not
analyzed. In the most recent study, the authors

746
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performed mutation analysis of five cardiac ion-
channel genes, SCN5A, KCNQ1, KCNH2, KCNE1,
and KCNEZ, in 113 S5CD cases included in two
large prospective cohorts of women (Nurses’
Health Study) and men (Health Professional
Follow-Up Slud}] 15 Njo mutations or rare variants
were identified in any of the 53 male subjects,
whereas five rare missense variants were identified
in SCN5A in six of 60 women (10%). Exons
containing these variants were sequenced in 733
control samples from the same population; the
overall frequency of these rare variants in SCN5A
was 51gn1ﬁcant1} higher in the SCI cases (6/60,
10.09%) than in controls (12/733, 1.6%, P = 0.001).
The other exons were not analyzed in the control
individuals included in this study. The conclusion
from these studies was that rare variants in ion-
channel genes were not common causes of SCI.
However, the results might have been influenced
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by the fact that in both reports, the initial ECG
L2 was not available in a substantial proportion of the
investigated individuals. Thus, the cause of death
was not necessarily arthythmic; previous studies
have reported that the first recorded rhythm in
patients with sudden cardiac arrest is not VF in
at least 20%—25% of patients of either sex.'®

In contrast to the previous two studies, we
included only individuals with documented VF.
In all patients, CAD was confirmed by coronary
angiography. Although we excluded individuals
in whom VF was related to acute myocardial
infarction, the majority of these VF survivors
had suffered a previous myocardial infarction in
the past and consequently they had depressed
LVEF. In this purely arrhythmic SCD group, the
frequency of nonsynonymous DNA changes was
significantly higher in the VF survivors compared
with the control subjects.

Nonsynonymous DNA change does not nec-
essarily indicate a change in prntem function. The
presence or absence of such rare variants in control
populations does not always predict whether
the variant will be associated with a functional
alteration in channel properties. In the SCN5A
gene, the C-terminal P2006A polymorphism was
found in five unrelated patients in our study.
This variant has been described previously as
being rare, repnrted in only two of 829 healthy
individuals* and in one infant who died due to
sudden infant death syndrome.™ In that study,
the P2006A variant was associated with a small,
vet statistically significant. level of increased
persistent current combined with depolarizing
shifts in wvoltage dependence of inactivation
and more rapid recovery from inactivation. The
authors speculated that the level of increased
persistent current is not sufficient to evoke
arthythmia and that other factors are probably
needed for full pathological expression. This fits
well with the concept of repolarization reserve
proposed by Roden in 1998: normal hearts include
multiple, redundant mechanisms to accomplish
normal repolarization. Deterioration of one of
these mechanisms will not lead to failure of
repolarization and no QT interval changes will be
present, but under stress conditions such as CAD
and hypokalemia, latent ion-channel mutations
can increase the risk of malignant arrhythmias. '

Due to technical reasons, it was not possible
to perform functional studies of mutated variants
of the KCNHZ2 channel and a literature search
was performed to assess the putative functional
effects of the SNPs found in the present study.
In the KCNHZ gene, all three polymorphisms
were located in the N-terminal part of the
protein. N-terminal residues are insirumental in
rapid inactivation and sensor—effector coupling

D
vs
Healthy

<]
SCD CA
Vs
CAD
NS
NS
NS
0.01

SCD

Vs
Healthy

MS
NS
M5

0,003

P-value of probability of case-control

= 90)
0
]
0
0

Healthy
Controls
(N

14

Minor Allele Frequency (%)
CAD
Controls
45) (N=141)
= C-terminus of the gene; P

1.1
1.1
1.1

56

SCD
Survivors

(M
M-temninus of the gene; C-tarm

Region
M-term
M-term
M-term
C-term

Change
R148W
GAG186del
P3475
P2006A

Table IV
Coding Vadants in the |mnvestigated |ndividuals—Statistic Summary
Amino
Acid

coronary artery disease; N-term

C442T
560 568del9
C1039T
Ce0eG

Nudleotide
Change

differanca in allelic fraquencias, NS = not significant.

Exon
3
4
5
28
SCD = sudden cardiac death; CAD

Gene
KCONH2
SCNSA
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for channel opening.'® Nevertheless, in one study
deletion of cca 220 amino acids, preserving a
cluster of mainly positively charged residues
upstream to 51 segment (A143-361), induced
activation properties that closely resembled the
wild-type channel. These results indicate that a
large part of the proximal domain is not essential
for a wild-type channel activation phenotype.'®
All three changes found in this study were
located within that region. On the other hand, N-
terminal mutations (including P3475 found in our
study) have previously been shown to be related
to LOTS.M Thus, further functional studies are
necessary.

To date, in LOTS patients, hundreds of
mutations have been reported within the five
most common genes, more than half of which
are unique, novel mutations. We had anticipated
a similar situation in SCD survivors. However,
in contrast, in five unrelated patients. the same
SCNS5A variant P2006A was found. A larger study
is needed to determine if this variant is a, probably
region-specific, risk stratification marker.

The prevalence of ion-channel variants re-
mains largely unknown. Recently, Ackerman
et al. published two studies determining the
frequency and spectrum of ion-channel variants
in approximately 800 apparently healthy individ-
nals. '3 Excluding the common polymorphisms,
14%—25% of subjects (according to ethnicity) had
at least one nonsynonymous potassium- -channel
variant and 3%-—5.6% of subjects had at least
one nonsynonymous sodium-channel variant. The
authors commented that these analyses do not
represent a population-based genetic epidemio-
logic study. Another study in Germany included
94 individuals from monozy%c:tic twin pairs and
47 pairs of dizygotic twins,*' all of whom were
healthy. Excluding the common polymorphisms,
only two rare nonsynonymous polymorphisms
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Introduction: Mutatons of RyR2 gene encoding calcium chamnel of sarcoplazmmatie
reticulum are the cauee of congenital catecholaminergic polymorphic ventricular
tachycandia. The aim of this study was to test the hypothesis that RyE2 variants can
increase occumence of malignant arrhythmiss in patients with structural heart diseases,
Methads: The mvestigated group conszisted of 36 patents with stuctural heart diseases
with 2D implanted who suffered amhythmic storm. In the control group there were 141
patients with coronary artery d seass who were hospitalized at our department owing to an
acute coronary event and they were alive af least 3 years after the index event. Thus, they
could be considered as a group with a low rsk of sudden cardiac death. In all of them
mutation analysis of RyR2 gene was performed.
Results: We detected 16 different sequence changes of RyE2 gene in both groups. Mone of
the found nuclestde polymorphisms led to aminoe acid changes, were located cdose to
splice sites ar had any similarity to known splicing enhancer motifs. The occumrence of
thess variants was not different in both groups.
Conclusionz The prevalence of RyR2 gene variants was not different in cases versus controls
suggesting a limited mle of this gene in the arfhythmogenesis in souctural heart disease
patients,
@ 202 The Czech Society of Cardiclogy. Published by Eleevier Urban & Partner Spz.o.o. All
rghts reserved.

1. Intraduction

ie 1-2 patents/1000 populstion). Approximately 50% of all
coronary heert disease deaths are sudden [1]. In mosat cases,

The lesding cause of crdiovesculsr mortality is sudden
cardiac death (SCDY). Estimated incidence of SCD is more than
3 million people in the world per year. [t means about 200400
thousand in the U.5. population per year and in Europe it
socounts for sbout 2500 desth s per day. Mevertheless, the SCD
incidence in the genersl population is low (0.1-0.2% per year,

“The authers have no mlatenship to ndustry to disclose.

the underlying ceuse of desth is the repid onset of lethal
ventricular srrhythmiss in the setting of soquired heart
disease. In our study we considered the common knowledge,
that the risk of sudden cardiac death is higher in patents
with structurel heart disesse (it mesns chronic ischemic
heart disesse or dilated cardiomyopathy) and with systolic

"Comespondence to: Department of Internal Medicine and Cardislogy, University Hospital Emeo, Jihlaveka 20, Emo 62500,

Czech Republic. Tel: +420 532232457, fax: +420 53223 2611.
E-mail address: ika dohnalova@sesnam oz I Andriova).

O 0-BES0VE -see front matter & 2012 The Czech Society of Cardiology. Published by Elssvier Urban & Parmer Spz.o.o. All rights reserved.
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Table 1 - Clinical characteristics of inwesfigated individuals,

Arrhythmic storm CAD controls r

{n =36) {n= 141)
Maleffernale ek 12912 04656
Age (years) 694+114 66,7+ 10,7 04610
Left ventricle sjection fraction 32419% 42+ T <= (0100
CAD 5% 100% <2 (000
History of myocardial infarction 1{EEK) 129(90%,) = (0,001
dCMP 11(31%) 0 <0,0001

CAD w comnary artery disease dCMP = dilated candiomyospathy.

dysfunction of left wentricle. Data from MADITI study
showed that during 3 years only one third of patients with
primary preventive implantation of ICD needed the therapy
from the device due to malignant arrhythmizs. The remain-
mng two thirds of patients were only ICD carners [2).
Chservations from population-based studies demonstrate a
strong genetic component of SCD [3-6]. It is clear that there
must be genetically determined varations of physiclogical
processes that increase the risk of SCD. It is well known that
myocandial ion channel gene mutations lead to increased SCD
rsk in patients with relatively rare diseases, such as long QT
syndrome (LOTS), Brugada syndrome and catecholaminergic
polymorphic ventricular tachycardia (CPVT).

Ventricular premature complexes (VPCs) could initiate
malignant arrhythmias. High occurmence of VPCs is typical
for rare hereditary disease called CPVT For this disorder
stress syncope or sudden cardisc death are typical, mand-
fested in young patients most often before 40 years of apge.
The maortelity is high, elmost 50%. Mutations of RyR2 gene are
found in about 0% of patients with clinical disgnods of CFVT
[7]. An important fact is that the resting ECG is completely
normal. But during stress VPCs become more frequent and
can progress in typical bidirectonal ventricular tachycardia.
In our study we tried to test the hypothesis, that rmutation of
RyFZ2 receptor could increase the risk of malignant arthyth-
mias in patients with structural heart disease.

2, Methods
21 Investigated subjects

The investigated group consisted of 36 Caucasan patients
from the region of south Moraviain the Czech Republic. These
individuals were identified from the ICD registry of our
department, partislly retrospectively (years 1998-2006) and
from 2007 new consecutive patients were included prospec-
tively The inclusion criteria were: (1) history of arrhythmic
storm defined & 3 or more sustained ventricular tachyar-
rhythmiss within 24h detected and treated from ICD. (Z)
structural heart disesse such as dilated cardiomyopathy
(dCMPF) or CAD werfied by echocardiography and coronary
angiography.

The control group consisted of 141 patients with CAD who
were hospitalized &t our department owing to an acute
coronary event. For all patients the disgnosis was confirmed

by coronary angiography All patents had depressed left
wentricle ejection fraction (IVEF) and they wem alive at least 3
years after the index event. Thus, they could be considered as
a CAD group with a low risk of SCD. Clinical characteristics of
both groups are summarized in Table 1.

Informed consent was obtzined from all patients and
peripheral blood samples were taken for genomic DRA
preparation. The study protocol was approved by Ethical
Cormrnittes of the University Hospital Brno and conforms to
the ethical puidelines of the 1975 Declaration of Helsinkd.

2.2, Mutation analyses

Mutation analysis of the RyRZ gene was performed in all
members of the amhythmic storm group. Genomic DNA
samples were isolated from peripheral blood lymphocytes
and PCR amplified fragments covering hot spot areas of RyR2
exons 2—4, 615, 17-20, 3949, 83, B4, E7-97-105 were analyzed
by direct sequencing on the instrument ABI PRISM 3130 (Life
Technologies, USA). For mapping of exons 3, 57 and 105
deletions multiplex ligation-dependent probe amplification
analysis (MLFA) was used. Detailed methodology has been
described elsewhere [B-10]. The regions containing sequence
varants found in the arthythmic storm group were se-
gquenced in the control group of 141 patients with CAD
without arthythmias.

23, Statistcs

Values are given & meant SD. Demographic data were
analyzed by the F test for variance and Student's t-test. The
distributions of allelic frequencies and their differences were
caleulated using i tests. The program packspe Sttisticav. £0
(Statsoft Inc., Tulsa, OK, TISA) was used for all statistical
analyses

3. Results

We detected 16 different sequence changes in both groups.
Twelve of these DMA changes were already described in the
study of Bagattin et al. [11] or in the database Ensemble [12].
The other have not been described yet. None of the found
nuclectide polymorphisms led to amino acid changes and
were located close to splice sites or had any similarty to
known splicing enhancer motifs. The ocourrence of these
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Table 2 - RyR2 gene variants in investigated # individuals,

MNucleotide change Exon/intron Mlelic frequency (36) P References

Arrhythmic Control

storm (n = 36) group (n= 141)
& [268— 100G = T] intron 3-4 40 62 05414 =
e [458-BA =) intron 7-8 16,2 121 02991 n
e |E71-11T=4A] intron 9-10 432 538 0,1003 n
. [L000—31T = A] intron 12-13 13 27 04860 =
e [1353C=T] exon 15 338 40,5 02708 s
¢ |68+ 7T =G| intron 43-44 385 470 0,094 s
¢ [6682+93C = A intron 43-44 270 16,2 0/04E7 =
& |E900T =] exon 45 4.5 B7 R 01117 pic
e [11320-BC=T] intron B2-83 35,1 297 04182 n
e 12967 T =] intron B9-90 58,1 689 00928 =
& [13470+ 164 = G] intron 92-93 338 283 04091 n
e 1347 0+47 G = A intron 92-83 36,5 432 02722 s
e [13T7T-HG= A intron 495 554 425 00479 s
e [13777-6A =G| intron S4-85 SO0 36,2 00318 s
¢ [13907+12A> 0 intron 95-96 585 46,0 0,0350 v
. [L4085— {11—22delT]] intren 97-98 473 a0 0,3231 =

variants was not different in both groups. The results are
summarized in Tahle 2.

4, Discussion

In the present study, we performed & mutation analysis of a
cardiac ion-channel gene important in arrthythmogeneds. We
test the hypothesis that mutation of RyR2 gene could increase
risk of malignant arrhythmiass in patients with structural
heart diseases. Our hypothesis was based on findings of
previous population studies that demonstrated a strong
genetic component of 5CD.

Recently, several studies have investigated the issue of the
influence of genetic varants on the nsk of arrhythmias in
patients with structural heart diseases. In these studies the
prevalence of rare coding variants in so called long QT genes
was significantly higher in patients suffering from ventricular
fibrillation as compared to control group [13-15].

The RyRZ pene was chosen because of its well known role in
the arrhythmogeness in CPVT. This disease is characterized
by high cocurrence of VPCs. We hypothesized that such RyRZ
mutations can exst which usually remain latent, but under
stress conditions, such as structural heart disease, they can
increase the risk of ventricular arrhythmiss also in normal
population.

The RyRZ gene is one of the largest genes in the human
penome and its analysis is ime consuming. The majority of
mutations appear to cluster in three regions of the predicted
RyHR2 protein topology, and about 65% of published mutations
of the RyRZ gene are located in these regions [9,16]. Therefore
we used a tiered targeting strategy suggested by groups in the
Mayo Clinic and the Metherlands [39]. Although we expected
only rare finding of sequence changes of RyRI gene, the
opposite was true. The occurrence of sequence variants was
comman in both groups. This suggests that these regions are
probably rather polymorphic in population. In our study 16

sequence changes of RyR2 gene were detected in both groups.
Mone of the found nucleotide poymaorphisms led to amino
arid changes, and were located close to splice sites or had any
smilarity to known splicing enhancer motifs. Mevertheless,
there is emerging evidence that even synonymous DNA
variants can play important role in protein strecture changes.
Omn the other side there were no statistical di fferences in their
gllelic frequencies, thus the probability of any functional
effect of these variants is low.

The most important limitation of our study is the small
mumber of inwvestigated individuals. Although the control
group was age amd sex matched and all the control
individuals have depressed left ventricular systolic function
and coronary artery disease confirmed by angiography, there
were differences in ejection fraction and the etiology of heart
failure. This could hawe possible impact on the results.
Mevertheless, the prevalence of DMA varants was high also
in the control group. Using the tiered targeting strategy of
FEyRZ gene mutstion analysis can have an impact on the
robustness of the estimate of the prevalence of RyRZ
mutetions among the cohort. Due to the small number of
women included in the present study, it was not possible to
perform any sex-related associations.

5. Conclusions

The prevalence of RyR2 gene variants was not different in
CESES VErsus controls sugpesting a limited role of this gene in
the arthythmogeneds in structural heart disease patients.
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Introduction: Strong evidence suggests that sudden cardiac death (SCD) is penetically
determined. In our previous study we found that the prevalence of selected, rare coding
variants in 5long QT genes was significantly higher in ventricular ibrillation (VF) survivors
with coronary artery disease (CAD) than in controls. In the present study we performed
mutational analysis of the promoters of 5 LOTS-related myocardial ion channel genes in
the same group of patients and in control populations.
Methods: The promaoters of KCNQ1, KCNH2, SCNSA, KCNED and KECNE? genes were analyzed
in 45 CAD individuals - survivors of documented WF. The allelic frequencies were
compared either to data from the 1000 Genomes Project or from a local DNA bank of
patients with coronary artery disease and no malignant arthythmia (141 individuals).
Results: In 34 (755%) of 45 VF survivors 9 different promoter vardants were found: 2 in
KCNQ1 gene promoter, 1 in KCME1 promoter, and 6 in 5CNSA promoter. Statistically
significant differences were found in the allelic frequencies of both KCNQ1 gene promoter
variants: 1-182C=T (F=0.008), 1-119G = A (F=0007). Nevertheless, these varants did not
segregate with long QT phenotype in a previous study. While the allelic frequency of the
SCNSA gene promoter variant 225-1072T > C significantly differed in VF survivors com pared
to the 1000 Genomes Project ([F=0001), this allelic frequency was not different when
compared to the group of local CAD controls.
Conclusions: Our findings demonstrated that vardants of jon channel gene promoters are
common, both in VF survivors and control groups. These results suggest that promoter
variants are geographically-specific and are not a commeon cause of SCD.
© 2013 The Czech Society of Cardiology. Published by Elsevier Urban & Partner Sp. z o.0. All
rights reserved.
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1. Introduction

There is strong evidence that sudden cardiac death (SCD) is
genetically determined [1-4]. In our previous study we found
that the prevalence of selected, rare coding variants in 5 long
QT genes was significantly higher in cases compared to
contrals, confrming a mechanistic role for these genes in a
subgroup of patients with coronary artery disease (CAD) who
had suffered ventricular fibrillation (VF) [5].

Ten years after human genome sequendng it has become
clear that coding sequences represent only about 1.5% of
human genome sequence [6]. The remaining pordon is either
so called "DNA junk” or, more likely, contains important
regulatory sequences.

In the present study we performed mutational analysis of
the non-coding parts of genes - the promaters - of 5 LQTS
related myocardial ion channel genes in patients with CAD
who had suffered documented VF at the time of SCD event
and in control population.

2, Methods
2.1,  Investigated subjects

The group of patients was identical to our previous study [5],
consisting of 45 Caucasian patients (5 females, 40 males) from
the region of south Moravia in the Czech Republic (population
approximately 1.5 million). The primary inclusion criterion
was VF documented at the time of circulatory arrest not
related to acute phase of myocardial infarction (i.e. more than
48 h after index event). Such individuals were identified from
ICD registry of our department, partally retrospectively
(years 1998-2006), from 2007 new consecutive patients were
included prospectively. Two patents suffered VF while stay
ing in a hospital for more than 72 h after acute myocardial
infarction. All other individuals suffered circulatory arrest in
the out-of-hospital setting - VF was recorded by emergency
car staff. Patients were successfully resuscitated and then
transferred to our department, either directly or via regional
hospitals. After dreulatory stabilizaton and improvement in
mental status, all patients underwent comprehensive cardi
ological examination. None of the patients had an acute
myocardial infarction at the time of arrhythmia according
to electrocardiogram (ECG) and serum troponin level analysis.
In all patents coronary artery disease was confirmed by
coronary angiography findings of significant stenoses
(=70%) or chronic occlusions. The left ventricle ejection

Table 1 - Clinical characteristics of investigated individuals,

fraction (LVEF) was calculated from echocardiography analy

sis. In three patients, QT interval assessment was not
possible due to left bundle branch block or atrial fibrillation.
None of the other 45 patients showed substantial QT interval
prolongaton or Brugada-like ECG.

As a control, we used data from the 1000 Genomes Project,
which sequences the genomes of a large number of people, to
provide a comprehensive resource on human genetdc varia
tion. To date, the database contains data on genetic variation
in 1052 hurnan genomes from varous populations [7].

In cases where the data from the 1000 Genomes Project
were not available, another control group was used, consist
ing of 141 patients with CAD who were hospitalized at our
department owing to an acute coronary event. For all
patents, the diagnosis was confirmed by coronary angiogra
phy. All padents had depressed LVEF and were alive at least
4 years after the index event and, accordingly, they could be
considered as a CAD group with a low risk of SCD. Clinical
characteristics of both groups of patients are summarized in
Table 1.

Informed consent was obtained from all individuals and
peripheral blood samples were taken for genomic DNA pre
paration. The study protocol was approved by the Ethical
Committee of the University Hospital Bmo and conforms to
the ethical guidelines of the 1975 Declaration of Helsinki

2.2,  Genomic DNA samples and polymerase chain
reaction amplification

The genomic DNA of all cases was analyzed for mutations in
the promoter sequences of KCNQ1, KCNH2, SCNSA, KCNE1 and
KCNEZ genes. Genomic DNA was extracted from peripheral
blood samples according to a standard protocol using DNA
BloodSpin Kit and the classical method of ethanol progression.

The promoter sequences of KCNQ1, KCNH2 and KCNE1
genes (GenBank accession nos. NGO08935.1, NGODBS16.1,
NGO005051.1), were amplified by multiplex polymerase chain
reaction (PCR). The following primer pairs were designed and
used: 7 primer pairs for KCNQ1 promoter, & primer pairs for
KCNH2 promaoter and 1 primer pair for KCNE1 promaoter. The
PCR amplifications were performed using HotStarTag Master
Mix (Qiagen, Inc., Valencia, CA, USA). Each PCR was per
formed in 200-pl thin-walled PCR tubes in a total reaction
volume of 25pl using Verity Thermal Cycler (Applied Biosys
tem, Foster City, CA, USA).

A total of 12 oligonucleotide primer pairs was designed
and used to amplify the promoter area of the SCNSA gene
(GenBank accession no. AY313163). The core promoter

VF survivars (n=45) CAD controls (n=141) P
Mzle/female 405 129/12 08181
Age G6E6+95 66.7 +10.7 02885
Left ventricle ejection fraction 40+12% 42 + 9% 035238
History of myocardial infarction 32 (71%) 137 (90) 02718

VF - ventricular fibrillation, CAD - coronary artery disease.
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sequence of KCNE2 gene was predicted to correspond to base
pairs 7481-7746 of sequence DQ784804 using the Web Promo
ter Scan Service program, version 1.7. This region was
amplified using one cligonudeotide primer pair. PCR amplifi
cations were performed using Tag DNA polymerase (Fermen
tas, Inc., Glen Bumnie, MD, USA) and HotStarTaq Master Mix
(Qiagen, Inc., Valencda, CA, USA). Each PCR was performed in
200-pul thin-walled PCR tubes in a total reaction volume of
25 pl. Each PCR amplification was performed using a Senso
Quest Labeycler (Progen Sdentific, Ltd, Mexborough, UK) and
a Perkin Elmer 2400 machine (Applied Biosystermn, Foster City,
Ca, USA).

2.3. DNA sequencing

DNA sequence analysis was camied out in an ABI 3130
(Applied Biosystem, Foster City, CA, USA) to screen for
KCNQ1, KCNH2, SCNSA, KCNE2 and KCNEL promoter sequence
variations. Sequencng analyses were performed using for-
ward and reverse primers.

For purification of the amplified samples, the MinElute
PCR Purification Kit (Qiagen, Inc., Valenda, CA, USA) was
used. Cycle sequencing was performed using the Big Dye
Terminator Kit (Applied Biosystemns, Foster City, CA, USA) and
the DyeEx2.0 Spin Kit (Qiagen, Inc., Valencia, CA, USA) was
used for purification of samples after cycle sequencing.

The resulting sequences of the screened KCNQ1, KCNH2,
SCNS5A, KCNE2, and KCNE1, gene promoters were aligned with
the wild-type sequences deposited in NCBI (GenBank acces-
sion nos. NGO0B93S.1, NGOOBY16.1, NGO09091.1, AY313163,
DQ784804). The numbering was based on Yang et al. [8] and
the allelic frequencies were compared to data from the 1000
Genomes Project, if available [7]. Otherwise the regions
containing sequence variants found in VF survivors were
sequenced in the control group of 141 patients with CAD
without arrhythmias (described above).

2.4, Statistics

The distributions of allelic frequencies and their differences
were calculated using §° tests. Odds ratio (OR) and 95%
confidence interval (CI) were calculated to estimate the risks
associated with the detected polymorphisms. To caleulate
the significance of OR, Fisher's exact test was used. The
program package Statdstica v. 8.0 (Statsoft Inc., Tulsa, OK,
USA) was used for all statistical analyses.

3. Results

In 34 (75.5%) of 45 VF survivors 9 different DNA sequence
variants were found: 2 in KCNQ1 gene promoter, 1 in KCNE1
promoter, and & in SCNSA promoter. No wvariants were
detected in the promoters of KCNH2 and KCNEZ? genes.
Variants in more than one gene promoter were present in 6
patients, and multiple variants in single gene promoter were
found in 16 patients.

3.1  KCNQ1 gene promoter variants

In KCNQ1 gene promoter variants 1-182C>T and ¢ 1-119G=A
were found in 15 and 3 patdents, respectively. The ¢ 1-119G=A
polymorphism segregated with the ¢. 1-182C=T in all 3 cases.
These variants were present in the 1000 Genomes Project data.

3.2 KCNE1 gene promoter variant

A single variant, c. 1-107insG, was found in the KCNE1 gene
promoter in 3 VF survivors. Data on this particular variant
were not available from then 1000 Genomes Project, and its
allelic frequency was tested in the CAD control group.

3.3, SCNS5A gene promoter variants

Six promoter variants were found in the SCNSA gene in 22 VF
survivors. More than one SCNSA promoter variant was pre-
gent in 13 VF survivors. The following variants have been
described in the 1000 Genomes Project previously: c. -225-
2038G>T, c. -295-1823C>T, ¢ -225-8%T=C, c. -225-
1744G=C, c. -225-107 2T = C. For the c. -225-775T = A variant,
no data were available from the 1000 Genomes Project and,
therefore, its allelic frequency was tested in the CAD
control group.

3.4 Statistic results

The allelic frequencies of all promoter variants in the cases
and control groups are surnmarized in Table 2. Statistically
significant differences were found in the allelic frequencies of
both KCNQ1 gene promoter variants: ¢ 1-182C=T [OR=2.57,
CI=1.18-5.57 for the C allele in VF survivars compared to the
CAD group, P=0008) and c. 1-119G=A (OR=7.76, 95%
CI1=1.06-56.77 for the G allele in VF survivars compared to
the control group, P=0.007). The allelic frequency of SCNSA
gene promoter variant c. 225-1072T>=C was significantly
different in VF survivors compared to the 51000 Genomes
Project (OR=7.28, 95% CI=1.00-5328 for the T allele in VF
survivors compared to the control group, P=0.001), but was
not different between the cases and the group of local CAD
contrals.

4. Discussion

In the present study, we performed a mutation analysis of
promaoters of five cardiac ion channel genes in VF survivors
with CAD to test the hypothesis that polymorphisms in these
regions are more common in VF survivors compared with a
control population. This study was an extension of our
previous study in which we found that the camrier frequency
of rare coding variants of these genes was significantly higher
in the VF survivors (8/45, 17.8%) than in CAD controls (3/141,
2.2%, P=0.001). In the promoter regions of the same genes we
found 9 different DNA sequence variants. The allelic frequen-
cies of three of these variants were significantly different
compared to data from 1000 Genomes Project, which was
used as a primary control due its statistical power to detect
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Table 2 - Allelic frequencies of promoter variants,

Gene Variant VF survivors (n=45) 1000 genomes CAD contrals (n=141) P
KCHO1 c 11B2C==T C=0823 C=0.643 - 0,008
T=0177 T=0.357
c 1-119G=A G=0.967 G=0850 - 0.007
A=0033 A=0.150
SCHoA c. -225-2038G=T G=0.86 G=0864 - N5
T=014 T=0.136
C. -225-1823C =T C=087 C=0.859 = NS
T=013 T=0.141
C. -225-1744G = C G=0.97 G=05993 = NS
C=003 C=0.007
c. -225-1072T =C C=0 C=0.142* C=0.003+ *0.001
T=1 T=0.86 T=0897 +NS
C. -225-B34T>C T=087 T=0.883 = NS
C=013 C=0117
c. -XI5-J75T>A T=098 - T=1 NS
A=002 A=0
KCNE1 c. 1-107insG Allele=0.956 = Allele=0.933 NS
insG=0044 insG=0067

VF - ventricular fibrillation, CAD — coronary artery disease, P=P-value of probability of case-control difference in allelic frequencies, NS — not

aignificant.
* _ VF survivors ws. 1000 Genomes,
+ - VF survivors vs. CAD controls

most genetic variants with frequendes of at least 1%. A key
goal of the 1000 Genomes Project is to identify more than 95%
of single nucleotde polymorphisms at 1% frequency in a
broad set of populations and to date it contains data on
genetic variation from 1092 human genomes in 14 popula
tions drawn from Europe, East Asia, sub-Saharan Africa and
the Americas [7].

Data on the prevalence of ion channel promoter poly
morphisms in arthythmic patdents are limited [2]. The variants
we detected in KCNQ1 gene promoter were also present in the
1000 Genome Project dataset and the ocourrences of both
polymorphisms in this promoter were significantly different in
VF survivors group compared to the 1000 Genomes Project
dataset. Data conceming the possible functiconal effect of these
polymerphisms are lacking; in our previous work these var
iants were found also in padents with clinical diagnosis of
long QT syndrome (LQTS) but in no case did the pardeular
variant segregate with LQTS phenotype [10]. Thus, any possi
bility of their significant functional effect is very limited

The variant we detected in the KCNE1 gene promoter has
not been described previously [11], and its allelic frequency
did not differ between VF survivors and CAD patents without
malignant arrhythmias.

The SCNS5A gene promaoter is highly polymaorphic, reflected
in the fact that in this study we identified & different
polymorphisms in this promoter. With the excepton of
c. -225-1072T=C all these varants were the subject of a
study by Yang et al. (8], which found thatstudy only promoter
activity in ¢, -225-775 T= A varant was significantly reduced
in cardiomyocytes. Such variant may meodulate sodium
channel-related physiology in the face of environmental
stressors such as transient myocardial ischemia. Neverthe
less, allelic frequency of this variant did not differ between VF
survivors and CAD group in our study, indicating that the
potential for a significant functional effect is limited.

Mo functional data are available for the variant c. -225
1072T = C. While the allelic frequencies of this variant were
significantly different in VF survivors compared to the 1000
Genomes Project dataset, its allelic frequency in VF survivors
was not different when compared to the group of local CAD
controls. These results indicate that this variant may be a
regionally specific, and likely to be a non-functional

polymorphism.

5. Limitations

There are several imitatdons to our study, the most impor

tant of which is the small number of investigated individuals.
Owing to the incddence of SCD events and the capacity of
individual centers to perfonm routine genetic methods, larger
numbers could only be provided by a multicenter study. Due
to the small number of women included in the present study
it was not possible to perform any sex-related associations.
Allelic frequencies of variants found in VF survivors were
compared with data from the 1000 Genomes Project, which
represents a non-specific populaton. In the case of KCNQ
variants, the missing functional studies were substituted by
data from genotype-phenotype analyses in LQTS subjects.

6. Conclusion

While variants of ion channel genes promoters are common
both in SCD individuals and control groups, our results
suggest that promoter variants of ion channel genes are not
a common cause of SCD.
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Abstract

Background: Molecular genetic testing is recommended for diagnaosis of inherited cardiac disease, to guide prognosis and
treatment, but access is often limited by cost and availability. Recently introduced high-throughput bench-top DNA
sequencing platforms have the potential to overcome these limitations.

Methodology/Principal  Findings: We evaluated two next-generation sequencing (NGS) platforms for molecular
diagnostics. The protein-coding regions of six genes associated with inherited arrhythmia syndromes were amplified
from 15 human samples using parallelised multiplex PCR (Access Array, Fluidigm), and sequenced on the MiSeq (lllumina)
and lon Torrent PGM (Life Technologies). Overall, 97.9% of the target was sequenced adequately for variant calling on the
MiSeq, and 96.8% on the lon Torrent PGM. Regions missed tended to be of high GCcontent, and most were problematic for
both platforms. Variant calling was assessed using 107 variamts detected using Sanger sequencing: within adequately
sequenced regions, varant calling on both platforms was highly accurate (Sensitivity: MiSeq 100%, PGM 92.1%. Positive
predictive value: MiSeq 95.9%, PGM 95.5%). At the time of the study the lon Torrent PGM had a lower capital cost and
individual runs were cheaper and faster. The MiSeq had a higher capacity (requiring fewer runs), with reduced hands-on
time and simpler laboratory workflows. Both provide significant cost and time savings over conventional methods, even
allowing for adjunct Sanger sequencing to validate findings and sequence exons missed by NGS.

Conclusions/Signifiance: MiSeq and lon Torrent PGM both provide accurate variant detection as part of a PCR-based
molecular diagnostic workflow, and provide alternative platforms for molecular diagnosis of inherited cardiac conditions.
Though there were performance differences at this throughput, platforms differed primarily in terms of cost, scalability,
protocol stability and ease of use. Compared with current molecular genetic diagnostic tests for inherited cardiac
arrhythmias, these NGS approaches are faster, less expensive, and yet more comprehensive.,
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Introduction disease in the population and limitations of current diagnostc
approaches in genetically heterogeneous conditions such as these.

Molecular diagnostics are recommended in the management of A mumber of henchtop NGS plaforms have recently been
inherited diseases, for diagnoesis and stratibed theapy [1,2,5,4], introduced capable of Gigabase-scale DNA sequencing with

but m practice are under-used due to ssues of cost, tme and

oy . . ) . ) . 2 ) relatively short mun  times
availability of sermaces. Next Generation Sequencing (NGS) DNA

7 hrs), including the MiSeq
(Mhimina) and the lon Tomrent Personal Genome  Machine
analyss technologies have the potential to overcome these ssues

= ; . P - ! (PGM: Lafe Technologes). Inmital studies have used these to
[5]. Inherited cardiac conditons (1CC), such as mherited

charactense genetc targets of chmeal sgmficance meluding;
hacterial genomes [8.9,10,11,12,13,14,15,16], the human breast
cancer BRCA gene [11.17], the cystic fibrosis CFTR gene [18],
HIA type [19] and somatic variation in cancer [20]. The high

arrhythmia syndromes and cardiomyopathies, have been ident-
fied as a suitable area to pilot the development of NGS assays for
clinical use [6,7]. This is due to the relatwely high burden of

PLOS ONE | www.plosone.org 1 July 2013 | Violume 8 | Issue 7 | e67744

104



analytical throughput and relative speed make NGS assays very
attractive for eary clinical implementation, requiring an in-depth
understanding of the srengths and hmitations of each platform n
a climcal diagnostic setting,

A recent study by Loman ef af [10] compared benchtop NGS
platforms for sequencing Feolt genomes, which have a GO-content
of 50 %, during an outhreak mvestgation. They identified a higher
rate of homopolymer-associated indel errors in raw reads when
companng the lon Tomrent PGM to the MiSeq (1.5 and <0.001
errors per 100 bases, respectively). The MiSeq also detected fewer
single-base substitutions than the lon Torent PGM. A further
recent study by Quail ef al [B] performed similar analyses using a
number of different bacterial reference genomes mepresenting a
range of GC-contents, including the B perfurgr genome which has a
GO-content of ~68% with some subgenomic regions =90%.
They observed a higher substitution error mte when wsmg Lon
Torrent PGM than the MiSeq platonn (1,78 and 0.4 errors per
100 hases, respectively). Again, they reported fewer homopolymer-
associated errors in MiSeq data than the Jon Tomrent PGM. More
vanants were called using the lon Torrent PGM versus MiSeq;
however, this resulted in a shight increase in the number of false
positive calls using the lon Tomrent PGM platform, Both NGS
platorms generated adequate coverage across templates even in
subrgenomic regions of very high GO-content. Significant efforts
to improve sequencing performance and bisinformatics processing
have been undertaken both by the bench4op sequencer manu-
facturers and the NGS community.

In this study, we used microthidic multiplex PCR and NGS o
sequence six genes that cause imbented arhythmia syndromes ina
panel of well chamcterised patient-derived genomic DNAs. We
compared the performance of two bench-top MiSeq and lon
Torrent PGM DNA sequencing platforms, aiming o develop a
comprehensie pipeline applicable to dinical diagnostcs.

Materials and Methods

Human Specimens

The Hammersmith and Queen Chadotte’s & Chelsea Research
Ethics Commitiee approved the study. DNA was obtained from
subjects who had gven writen informed comsent and  was
provided in accordance with Human Tissue Act, UK guidelines.
Fifteen anonymised DN A samples were selected for technical assay

evaluation. Eleven (group 1) had undergone mutation scanmng of

five Long QT syndrome (LT associated genes (See Table 1)
usmg  denaturing  high  pedormance hqumd  chromatography
(dHPLC) [21] coupled with Sanger DNA sequence analysis to
confirm putative variants. Four (group 1) underwent exon PCR
amplification and direct Sanger DNA sequence analysis of the full
coding sequence of the same five genes.

Target Enrichment by PCR Capture

Initial Access Armray primer design was undertaken by Fhoidigm
Corp. (South San Francisco, CA) using the Primer3 oligonucle-
otde design tool [22]. Prior to this sudy the assay was further
optimized in<house, with additonal pomers designed o target
regions that were not well captured in pilot studies using the Lon
Torrent PGM [23]. In the final assay 386 amplicons tangeted the
protein-coding  sequence  of six inhented arrhythmia  genes
(Table 1), with an overhang at exon boundaries to capture splice
site wvanants. Figure 51 in the Supporting Informaton illustrates
the GC-content and length distribution of the 386 Access Amray
amplicons.

Genomic DNA templates were amplified using  the 48480
Access Array IFC, according to the mamufacturer’s instructons

PLOS ONE | www.plosone.org

Table 1. Characteristics of six genes included in the assay.

Number of Coding cDNA MNumber of D5 ea s
exons length (bp} amplicons assodation

"Reference

Genomic locus

Gene product

Gene symbol

Lam

2015

16
15

LRG_285_t1

11pl55

7g36.1
ET)

s channel, alpha subunit

Lara

54

LRG_288 11

LRG_289.11

ke channel, dlpha subunit

KCNHZ

Molecular Diagnosis of Inherited Conditions

Na,1.5 channel, alpha subunit
I, channel, beta subunit

Lars
LaTe
CEVT

F
5

215
386

3G
n
14,785
7,043

LRG_290 11

LRG_291_t1
LRG 402 1

2122312
1ga3

21g22.12

Sarcoplasmic reticulum calcium-induced caldum release

I channel beta subunit

LRG: locus reference genomic (http' swww ing-sequenceorgl, LOT: Long QT syndrome, OPVT: catecholaminergic polymaonphic venitrcular tachycandia

ol 101 371 /Journalp one 0067 7440001

KCNEZ
RyRz
otal

KCNET

July 2013 | Volume B | lssue 7 | e67744

105



(Fluidigm). In bricf, cach sample DNA was combined with primer
pairs in a microfluidic chip, with a maximum capacity of 48
samples 248 10plex reactons. The chip was loaded with PCR
reagents and transferred to a themmocycler. Commoen fanking
sequences (CS) on each primer pair permit attachment  of
platform-specific barwode mdexes and sequencing adaptors in a
subsequent fision PCR. Pooled amplicons from each DNA
template were harvested and used as input for platform-specific
library preparation.

Platform-specific Barcode/Adapter Attachment

For MiSeq, we followed standard Fluidigm protocels. Ampli-
cons were diluted 1:100 and subjected to a single fusion PCR
reaction using the bidirectional 386 barcode kit, with the FastStart
High Fidelity Ereyme kit (Roche), as per manufacturer’s
instructions. A unidirectional library was prepared for paired-
end sequencing: for each reaction, 1l of the dihted harvested
PCR pool was mixed with forward “A” barcodes (indexes 1 to 15,
final concentration 400 nM) and 150l of PCR pre-mix. Cycling
conditions were as follows: inial mecubaton at 95°C for 10 min;
15 cycles of 95°C for 15 sec, 60°C for 30 sec and 72°C for | ming
fmal meubaton at 72°C for 3 mmn; hold at 4°C.

For lon Toment PGM, commercial barcoding protocels were
not available at the time of the study, so we eoployed an
cquivalent fusion POR approach wsing custom oligomaclestides,
yielding a 10 base pair (bp) barcode and lon Toment PGM
adaptor [Table 51 in the Supporting Information). The amplicon
harvest volume wis adjusted to 200 using POR certified water,
and two barcode-fusion PCR reactions were prepared using
opposing CS-tagged primer pairs (e.g. painng A_BC6_CS1 with
C52_P1, and A_BC6_CS2 with CS1_P1). This strategy permitted
sequencing of each amplicon in both orientations, i fa of paired-
end sequencing. For cach reaction, 10 pl of the Fhodigm harest
was added to 86 pl of a Herculase I1 Fusion POR mix, as per
manufacturer’s instuctions [Agilent Technologies Ine, Santa
Clara, CA) along with 20 pmol cach primer. Cycling conditions
were 5 follows: initial incubation at 98°C for 30 sec; two cycles of
G8°C for 30 sec, 54°C for 30 sec and 72°C for 30 sec: final
incubation at 72°C for 2 min: hold at 4°C.

MiSeq Sequencing

MiSeq sequencing was performed at the MRO Clinical Sciences
Centre Genomics Labomatory, Impenal College London, using
MiSeq Reagent kit v1, MCS v1.1.1 and RTA +1.13.56 for
performing image analysis, base calling and quality control ().

lon Torrent PGM Sequencing

lon  torrent PGM sequencing was  completed  at Royal
Brompton Hospital vsing Ion One Touch 200 reagems kits
(Release: 20 February 2012, Rev. C), lon PGM 200 Sequencing
Kit (Release: 21 February 20012, Rev. B) and 316 scale chips.
Sequence analysis was completed with lon Torrent Suwite 2.2
(11522 Life Technologies) packages. Sequence analyss and
varant calling were subsequently repeated wsing I'TS3.2, but the
results were unchanged, and data from ITS52.2 is presented here.

Bioinformatic Primer Trimming and Read Mapping
Default parameters were used for all data processing and
analysis stages unless otherwise specified. FastQOC version 0.9.5
(http:// www bisinformatics. babmaham ac.uk/ projects/ fastqe/)
was used to assess sequence quality metrics for each sample,
including per-base and persequence quality scores, GC-content,
and read length distibution. Raw sequences generated by MiSeq

PLOS ONE | www.plosone.org
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and lon Torrent PGM inchided primer sequences at both 57 and
3" ends. For MiSeq data, primers were immed using an in-
howse Per script, before quality control (average base quality ina
30 bp shding window >20; 3 read timming of bases with a
quality scome <6, removal of reads <20 bp in length) and
alignment with BWA (version 0.6.1-r112-master) [24]. Figure 52
and 53 in the Supporting Information demonstrates the base
quality and length distnbution before and after primer timming
for one sample from MiSeq. lon Toment PGM reads were
algned usmyg [T52.2, incorporating tmap (version 0.3.7). The
variantCaller plugin module trimmed primers using an aligned
bam file intersected with an amplicon-only bed file. Human
genome reference sequence (hgl %) was used for both platforms.

Coverage of the target wis assessed using BedTools [25], The
mumber of bases covered at sufficient depth and quality for variant
calling was assessed using the Genome Analysis Toollat (GATK;
version 1.5) [26] Callable Loci Walker, Fvenness was calculated
according to the method described by Moley & af [27] and
implemented with the R statistical package (http:// www r-project.
org. This yielded a score in the range 0-1, with 1 mdicatng
uniform coverage. Target enrichment factor (EF) was calculated
as, EF= %, here R represents the reads on arget; N represents
total mapped reads; T represents target size and G represents
genome size [28].

Variant Detection

Mibeq reads were processed using Picard tools (version 1.65,
http:/ Spicard sourcefonge. net) and Samtools (version 0.1.18) [29],
and vanants were called with GATK. A standard GATK pipeline
was apphed mcdudng  realignment around  known  mdels
(dbSNP135) and recalibration. All reads were used for variant
calling, without downsampling or removal of PCR duplicates.
Varants with QD <5 or MQ <30 or DP=<30 were filtered out.
For the lon Tomrent PGM, vanants were called using the ITS2.2
vartantCaller plugin with the Ampliseq and germline workflow,
Primers were trimmed and vanants called with a variant frequency
threshold at 25%. The Integrative Genomics Viewer [IGV) [30]
was used for visualization,

Reference Comparator by Sanger DNA Seguencing

Dhrect dideoscy Sanger DN A sequencing was used to sequenoe
all protein coding regions of five LOT genes in samples from
group Il Amplicons were prepared using Plagnum Tag PCR (Life
Technologes) and GC-Rich PCR system (Roche), and sequenced
using the ABI 3730XL DNA analyzer Life Technologies).
Though sequenced by NGS, RIR? was not induded in
comparisons as its large siee made walidation prohibitive, DNA
sequence  analysis was performed using  Sequencher 4.10.1
(Genecodes Inc, Ann Arbor, MIL Any discordant vartnt calls
between NGS and dHPLO in group 1 were also confirmed by
Sanger sequencing. The total number of bases sequenced by the
direct Sanger DN A sequencing method was 61,380 bp.

The sensitivity and positive predictive value (PPV) of variant
detection were calculated by comparmg the gold-standard Sanger
data to the NGS data for each platform. 95% confidence intervals
(CI) were calculated using Jeffreys interval, implemented in the
binom package in R.

Results

Sequencing Data Output and Quality
Total sequencing output and mean read lengths from the two
approaches were comparable (Table 2. A sngle MiSeq run
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produced 8.13 million reads (1230 Mb of sequence) as compared
to three 316 chip-scale lon Torrent PGM runs that generated 6.56
million reads (1001 Mb of sequence). Raw reads generated by
MiSeq have 151 bp fixed length (paired-end read), whilst reads
generated by Lon Torrent PGM had a variable length, using the
200 bp lon Torrent PGM chemistry ks, The average length of
reads in three lon Torrent PGM muns was 150 bp (single-end

The two platforms produced a similar yield of filtered sequence
bases. The MiSeq platform produced 95.8% high quality (Q20)
bases and the Lon Torrent PGM 67.5%. As platforms use different
algorithms to estmate base quality, apply different downstream
quality filters and call variants differenty [31,32], these rmaw quality
scores are most usehul for comparing runs within platform, and are
provaded here for comparison to other datasets. We do not use
these data to compare sequencing pedformance between plat-
forms. For the MiSeq, raw reads contained primer sequences and
lower quality bases at the 3° ends. Primer rimming and quality
control discarded 4.6% of reads, and excluded 27.6% of bases;
only 18.4% of Q20 bases were excluded, and final timmed reads
comprised 95.8% 020 bases. 90.7% of the timmed reads mapped
to the reference genome, and 96.7% of these mapped reads were
on-target. The average depth of coverage on-target was 1529-fold
(Table 3), with evenness 0068 and EF 110111,

For the lon Torremt PGM, reads still contamed primer
sequences  after  de-multiplexing, thus  primer tnmming  was
performed  following the alignment procedure. We  ohsernaed
93.5% raw reads were mapped to the mefrence genome; 91.2%
of the mapped reads were ondarget. The averge depth of
coverage on-tanget was 1231-fold across all samples (Table 3) with
evenness .79 and EF 104915, Both evenness and enrichment
factor  differed  significantly  between  platforms  (povalue
<22x107" for evenness and pvalue<3.3 x107° for EF: paired
t-tiest).

Target Enrichment Performance

Figure 1 summarnises the coverage of our genes of interest for
each platform. Owerall, 98.8% of the target region was covered by
at least one read for the MiSeq and 98.0% for the lon Tomrent
PGM (Table 4 and Figure 54 in Supporting Information). For
three genes (SCNFAL KCNEZ2 and RYRD) coverage consistently

Table 2. Comparison of bench-top NGS platforms.
MiSeq lon Torrent PGM*

NGS runs 1 3

Template preparation 1 hr 3x55 hr

Run time 27 hr Ix3 b

Barcodes 15 fcommendal) 3%5 (customi

Theoretical sequencing output 1.5 Gb 3x1.27 Gb

Actual sequending o utput 123 Gb 1.00 Gb

Number of sequencing reads 813 M 656 M

Read length output 151 1500

Paired-end reads e No

Instrument cost F1a5k A5k

Sequencing cost for assay fos59 E-)

Per specimen sequencing cost  $s4 137

*316 scale chip; ** average.

dol: 101371/ ourn alpone 0067 7440002
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approached 100% on both platorms. AUV and KCNH2 were
less consistently well covered, averaging 96.2% and 94.1% for
MiSeq, and 93.1% and 88.9% for lon Torrent PGM, respectively,
While coverage at | % was almost complete for KUNET, part of the
gene achieved consstently low sequencng depth on the MiSeq
only (see Discussion).

The mean coverage of the protem-coding region of every gene
was consistently =200 reads on both scquencing  platforms
(Fig. 1), The depth of coverage was more consistent between
samples on the MiSeq than on the lon Torent PGM (Figurne 1h).
By contrast, withinsample coverage was more consistent on the
Ion Torrent PGM (evenness 0,78 vs, 068, p=2.23 107 "% Takle 3),
While the MiSeq provided decper coverage overall, KCNET was
an outlier on this platfem (Figure 1h), suggesting a platform-
specific sequencing difficulty (See Discussion).

The influence of GO-content on pedbnmance was assessed. GO-
content was caloulated wsing a 50 bp sliding window and plotted
alongside sequencing depth across the target for cach NGS
platform (KCNQT and KACNH2 are shown in Figure 2, remaining
genes in Supporting Information Figure 55). We found that both
platforms pedormed less well in regions of very high GC-content
(RCNQT exons 1 & B, KCNHZ exons 1, 4, 12 and the 3 porton of
exon 2). The relatonship betwern GC-content and performance
was most reproducible for the lon Toment PGM. While the MiSeq
displayed more vadahility in sequencing depth (See Table 3), the
relationship with GO was weaker sugesting that other Bactors may
be limiting (Figure 56 in the Supporting Information),

Variant Detection

Vanant detection was assessed using a panel of variants
previously identified by dHPLC mutation scanning (group 1) or
Sanger sequencing (group 1) (Table 5). The majority of known
vartants were detected on both platforms, with a small momber of
variants missed by each. NGS platforms also detected a number of
variants not previously  identified, mainly in samples whene
dHPLC rather than Sanger sequencing was used for initial variant
detection. In these samples, walidation by Sanger sequencing
confirmed 28/32 (B7.5%) unexpected MiSeq variants, and 33/36
(91.7%) lom Twrent PGM vanants (Table 6), which were
therefore dHPLC false negatives. The MiSeq produced four
genuine false positive (FI) SNP calls, and the lon Tomrent PGM
five FPs (four SNPs and one indel), equivalent to posithe
predictive values (PPV) of 95.9% (MiSeq; 95% C1 90.5 98.6%)
and 95.4% (PGM; 95% CI 90.3-98.2%).

Varants not detected by NGS were primarily located in regions
without any sequencing coverage. On the MiSeq plaform, 14
known variants were not detected (see Table 52 in the Supportng
Information). These included a single commeoen polymorphism in
KCNET that was present in 12 samples  (che21:35821821,
Supporting Informaton Figure 54), and a separate SNP in the
same gene (chr2l:35821795). This smgle exon gene was well
covered by the lon Torrent PGM, but consistently inadequately
sequenced by the MiSeq across samples, suggesting a platform-
specific, sequence context dependent limitation, mather than a
failure of the upstream PCR capture. The final false negative on
the MiSeq was also mised by the lon Torrent PGM
(chr7:1 50645534, ACNHZ) in same sample, with no sequencing
reads on cither pladorm at this mgon of high GO content
(=70%), sugzesting that the upstream PCR did not capture this
region. The final variant missed by the lon Torrent PGM was
found m a well-captured region of KCVQT (dd at chel 1:2594088).
Individual PGM reads contain a high mate of indels in hompolymer
strevchies, and the Bayesian callmg algorithm has been optimised to
eliminate these when calling variants in the consensus sequence.
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Table 3. Sequencing and target capture performance metrics.

Molecular Diagnosis of Inherited Conditions

protein-coding target region. EF =ennchment factor.
doi: 101371 oumn alpone 0067 7441003

This true deletion (ACCACCCT == ACCACCT) resembles such
an error so, while putative variant alleles were detected by ITS, the
vanant was mjected as a probable error. This outcome =
mmsenstive to user-defined Blter settings.

Of vanants located in sequenced regions, 93./93 (100%: 95% C1
98.0-100%) were detected by MiSeq, and 1056/106 (99.1%; 95%
Cl 957 99.9%) by the lon Torremt PGM (Table 6). In a
diagnostic setting, the handful of regions of predictable and
comsistent low coverage (which harboured the missed vanants)
would be targeted with adjunct Sanger sequencing.

The study was not powered to formally compare indel calling,
but 4/4 known indel were detected by MiSeq, and 3/4 by lon
Torrent PGM with one FI.

Resources and Costs

The MiSeq data was obtained with a smgle sequencng run, at a
cost of 8359 (£600) It required three lon Torrent PGM nums o
obtain equivalent sequencing output (3686 each) (£439), and one
run was repeated doe to low bead deposibon on the sequencmng
slide. The total sequencing time (from pooled, barcoded sequenc-
ing library to raw sequence data output) was 28 hs for MiSeq,
including one hour of hands-on tme. The equivalent time for each
Lon Torrent PGM mun was shorter (9 hrs), but with 4 hrs hands-on

time, as emulsion PCR, enrichment and sequencing occur on
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Allgnment
Mean
Bases read Q2o Mapped Reads On Reads On Depth On
MNGS Platform — Reads Mb) length  Bases Reads Design Target Target Evenness EF Callable
Mi%eq TIST96 BRG 115 95 8% 0.7 T3 3% 96.7% 1529 68.1% Tm1 497 9%
PGM 6133098 Gad 106 6l5% 100% 96 0% 91.2% 12131 TEE% 104815 S6.8%

Mean read length after timming primer sequences and low quality bases. ReadsOnDesign/ReadsOn Target = percentage of reads mapping to amplicon design or

separate machmes with human imtervention at each stage, whereas
chip loading and cluster genermtion are automated on the MiSeq
(Table 2).

In summary, PCR-hased target entchment approach followed
by MiSeq and lon Tomrent PGM sequencing interrogated 97.9%
and 96.8% of the target sufficiently for vanant detecton with
equivalent NGS sequencing output. Variant calling in the regions
covered had a PPV of 95.9% (MiSeq, 95% CI: 90.5-98.6%) and
95.5% (PGM, 95% CL 90.3-98.2%) with sensitivities of 100%
(MiSeq, 95% CI: 98.0-100%) and 99.1% (PGM, 95% CI: 95.7
99.9%) (Table 6). In a diagnostic setting, the handhil of regions
missed are most likely to require adjunct Sanger sequencing o
achieve up to 100% sensitmity for the assay as a whole.

Discussion

Assay Coverage

Both platorms acheved very good coverage of the target
region. It is unlikely that such an assay will achieve 100%
coverage, largely because GC-rich target s difficult o amplify
uwsing POR, both at the target envichment stage and also during
downstream NGS library prepamton. We anticipate that for
diagnostic use a small number of regions will continue to require
conventional sequencing  approaches, though suwch a  hybnd
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Figure 1. Coverage of target genes. a The percentage of each gene that is captured and sequenced (at least one read) is shown for each
platform (MiSeq in red, PGM in black), for 15 samples; Three genes were consistently fully sequenced. Coverage of KCNQT and KCNH2 was mone
variable: KCNQ1 and KCNET were fully covered inthe best pedorming samples, while the best performance on KCNH 2 covered == 97% of the gene. b,
Mean sequencing depth across each gene, for 15 samples. Quartiles are shown. There i significant intra- and inter- sample vadability.
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Table 4. Sequencing coverage of each gene.
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MiSeq (%) PGM (%)

x 10x 20% EL 50 100x  1x 100 200 30 50 100%
KCNET A3 BRTT 752 G944 [ ) 655 W L] [0 100 100 9981
KCNEZ 100 9642  BESI  BSSE  B5S8  B558 100 100 100 100 100 100
N2 ®WO7T 8786 BSET  BA3 8333 BT mE6 77 7563 74.51 7195 70.59
KENGT w311 9Ee &9 8642 7956 7403 W14 BA4S BI6E  £142  B0®2 7739
SENSA 100 100 9508 G060 GBT2 9556 100 100 9985 999 9975 9903
RYR2 ®Wee 972 9516 937 9069 8578 W87 9947 G985 9661 9938 9BBG
Overall @77 9414 9419 9283 903 8637 w99 95 8539 9513 w471 9a73

reads).
doi: 101371 ourn al pone 0067 744 1004

approach stll provides for a cost and tme saving compared with
comventional sequencing. For the six genes studied here, there are
1256 reported disease-causing vanants in this protein-coding
target region [33]: 1217 (96.9%) fall wathin the regions covered by
the MiSeq, and 1200 (95.5%) by the Lon Torrent PGM.

The Access Array design was iteratively optimized prior to this
study (see Methods). The performance of the manufacturer’s
ornginal amplicon design was assessed, and additional primer pairs
added to the assay to improve the capture of regions that were
under-represented. This pilot work used the lon Torrent PGM, as
the MiSeq was not available in the UK at that tme. This may
margmally favour the lon Toment PGM: the MiSeq platform
performed  poorly  on amplicons  derved  from BCAET
(chr21:358217259- 35821867, Supporting Information Figures 54
and 55), though these were captured by the Acoess Array. [t may
he posable o produce MiSeg-compatible amplicons with further
iteration tatlored to this pladorm.

These cimcally mportant genes include megions with a very
high GC-content (~80%), such as AUNQT oxons 1 & 8, AUNHZ
exors 1, 4, 12, and the 3' porton of exen 2, which perform
relatively poory despite optimization efforts. We have previously
found that the performance of some amplicons in the Acoesss Array
can be improved using a GC mbust PCR mastermix at this stage,
but these gains are unlikely to persist if non<GC robust enzymes
are wsed in downstream emulsion PCR during NGS hbrary
preparation. However, as Quail of of were able to successfully
sequence sub-genomic regions with GO-contents =90%, upstream
PCR capture, rather than NGS, is likely to be limiting here, and
this avemue may stll yield further improvements.

An alternative upstream target capture technology might also
yield better coverage and hence sensitivity. In this study the

capture methodology was fixed to dlow unbiased companson of

downstream sequencing, but we have previously compared PCR
and hybridisation hased approaches for these same gene [34], and
found that overall coverage was very simular for both approaches.
Ovther studies have reported reproducible pattems of non-unifonm
capture across a mange of platforms, partcular in repetitve
sequences and at extremes of GO content [34,35]. In our opinion
the choice of upstream target capture 15 most Likely to be doven by
cost and capacity requiremnents: the microfluidic PCR. approach
employed here is stmple, fast and cheap, but has a much smaller
capacity than hybndisaton approaches, for example.

At the throughput employved in this study, both platforms had
significant redundancy of sequencing depth, making them
relatively robust to differences e sequencing depth within and

PLOS ONE | www.plosoneorg

The coverage of the proten-coding sequence of each gene of interest ks tabulated, a5 a percentage, for a range of ssquending depths (=1x 10x, 20x, 30, 50x and 100x

betwern samples. I more samples were processed moa single nm to
increase throughput, the differences in coverage variability within-
and between- samples may become limiting and  influence
platform chowe. Inter-sample vanability was most marked when
using lon Torent PGM, &5 compared to the MiSeq. Vanability
betwern samples (See Figure 1h) s most likely due o stochasic
error during pipetting and quantification leading to diferences in
DMA input at the sequencing stage. In our study there was no
evidence of systematic barcode bias where this could be assessed
on the PGM. Within sample vanability is largely reproducible and
sequence-dependent, and = a well-recognized feature of all target
ennchment methodologies [34,36], though sequence-dependent
hias s present even in whole genome sequencing, without target
enrichment.

We aclnowledge that we have only studied a small number of
genes here, as the assay was matched to the capacity of a PCR-
based approach, and intended to reflect a typical dinical assay.
Though a range of gene sizes and GO contents were represented,
this may limit the generalizability of findings.

Variant Calling

Vanant calling was reassunngly accurate. Sensitmaty o the
regions covered by the assay was excellent with just one variant
missed on one platform. Of the four FP SNPs from MiSeq and
four FP SNPs from lon Tormrent PGM, one common ermor m
KCNH? exon 5 (chr7:150654468G>A) was called on hoth
platforms, This site was deeply sequenced with good allele balance
sequencing depth 2730-fold with 57% altermnate reads on MiSeq:
sequencing depth 2403 fold with 55% alternate on PGM), good
mapping quality and vanant detection scores from both platforms .
It was the only vanant to be discordant between both NGS
platforms and the Sanger method, mising the possibility that itisa
sequence crror mtroduced by upstream PCR. Five out of six
remaining FP SNPs (three MiSeq, two lon Tomrent PGM) were
G>=A tmansitons clustered m KON exons 12 and 13, and the
final lon Tomemt PGM FP was a G=A transiton m SCVEA. lon
Torrent PGM FPs cccwrred in regions with good sequencing
depth, but significant strand imbalance and noisy sequencing (high
base quabty m mdnidual reads, but poor consensus between
reads). MiSeq FPs were found in areas of relatvely low coverage
(<2100}, with false alternate allele bases found dose to the ends of
the reads, again with strand imbalance.

Importantly, our pipeline included a custom Perl script o rim
poor quality bases at the 3" end of MiSeq reads. This sigmficantly
improved the mapping qualites and reduced the number of false
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Figure 2. Coverage of KCNQ1 and KCMNH2 for the two platforms. Mean depth of coverage for 15 samples is shown for two genes on a log
scale. Regions of no coverage therefore have negative values. The blue lines indicate local GC content (calculated with a 50 bp sliding window).
Regions consistently missed have high GC content, with similar pattems for both platforms. KCNQ1 exons 1 & 8 and KCNH2 exons 1, 4 & 12 are
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shown in Supporting Information Figure 55. a) MiSeq bl lon Toment PGM.
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negatives on this platform in our hands (Le. 9 common vadants
were rescued which would have otherwise been missed even with
depth >400). Analysis of raw reads on both platforms showed a
similar substitution mismatch mte (0.5 per 100 bases), with a
higher indel rate in homopolymer stretches on the lon Tomrent
PGM (1.3 vs 0.02 per 100 hases). Nonetheless, final variant calling
accuracy did not differ sgnificantdy {odds mbe=0.90; 95%
confidence interval: 0.24-3.46; pvalue= 1; Fisher's exact test),
This study was not powered to robustly assess differences in indel
detecton.

The number of PCR amplification cycles wsed in the two
methodological approaches differed slightly. The MiSeq method
used 76 PCR amplification cycdles, including 26 cydles during
floweell duster generation, whereas the Ion Tormrent PGM used 82
cycles of PCR amplification, including 45 cycles dunng emulsion

PLOS ONE | www.plosoneorg

PCR. Increasing the number of POR amplification cycles is known
to increase the burden of Tagrelated errors [37]. There may be
mom to redece the number of opdes: for example the
manufacturer’s protecol for Dluming libray prepamation uses a
small aliquot of diluted template from the Access Amray, removing
this dilution may allow for fewer PCR cycles.

Current practice in laboratories that are starting to use NGS for
clinical applications s to confirm medically actonable variants
wsing Sanger sequencing. This study identfied a small but
signmificant number of fale positives on both platforms, supporting
this practice.

Cost and Time
Given the strong tochnical performance of both platfonms, 1ssues
of cost and time are likely to be important to labomtonies,
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Sequencing capacity and costs change continuowsly as NGS
platforms evolve, but at present the mstoument cost of the MiSeq 1s
higher than the lon Torrent PGM. For a single run, the lon
Torrent PGM was cheaper and faster than the MiSeq, but with
more hands-on time and a higher degree of techmcal compleaty.
With the throughput wsed in this study, the final cost per sample
was lower for the MiSeq.

The relative youth of the lon Tomrent PGM (UK commercia-
lisation date: mid-2011) means that it is developing rapidly,
offering  both advantages and challenges o0 eardy adopters.
Challenges  have mduded rapidly changing  laboratory  and
hioinformatc protocols, reliability ssues in our hands, and a
modest per-run capacity at this stage. We readily acknowledge that
performance on each platform is imited by user expenience as well
as platform capability, and therefore s likely to contnoe to
mprove. Positve developments mclude the semi-automation of
emulsion PCR and bead enrichment, with reduced hands-on tme,
and the mtroducton of a larger scale 318-chip, with the potential
to match the data output of the MiSeq in a angle nm. These
changes may make the lon Torrent PGM fisster and cheaper
overall, though still with more hands-on time than MiSeq. Though
we have piloted the 3 18-scale chip with satisfactory sequencing
and quality metrics (data not shown), at the time of data collection
for this study we had not yet achieved balanced sequencing of
multiple librares in order to make use of the increased capacity
and were contnumyg o use the 316, Subjectively, the MiSeq (UK
commercialisation date: early 2012) has presented a shallower
learning curve, with relatvely stable protocols and software
around the stmdy penod. When wsmyg the MiSeq pladform to
sequence low complexity libranes, sequence quality metrics and
the mumber of reads passing biomformatic flters are notoeably
worse than those obtamed dunng high-complexty  genome
sequencing. [umina recommend adding 40-50% of a high
compleaty target (eg. phi-X bactenophage genomic DNA) to low
complexity POR-generated libranes at the sample loading stage.
This may benefit smaller Access Armygenerated libranes, or
Libranes with fewer samples in the mulbtplec Whilst not used for
this study, this practice would impact on the total useable vield of
the MiSeq platform if widely adopted.

Current diagnostic testing for inhented cardiac arhythmias m
the United Kingdom is limited to a small number of labortones,
using exon PCR and direct Sanger sequencing or first-generation
NGS DNA sequencing techniques. We are aware of one UK
centre offerng NGS analysis of the 5 LOT penes studied here (plus
KACNFZ) on the Roche 454 GS-FLX sequencer with advertised
tumaround time of 40 working days at a cost of $950 (£600) per
specimen. The 454 corrently produces fewer meads than the
desktop sequencers studied here, and the high-throughpuot tanget-
ennchment approach that we have emploved does not require the
longer read-lengths that are conmidered one of the principle
advantages of this plaform. We conservatively estimate that a
diagnostic workflow using multplex PCR and desktop NGS takes
M workmyg days to complete (including varnant confirmation by
Sanger sequencing), with likely cost of less than $630 (£400) per
specimen i demand = sufficient 0 sequence at close to full
capacity (full economic cost including DNA extracton, 15-plex
testings with MiSeq NGS and Sanger vanant confirmation studies).
The assay described here also ncludes the large RYRZ gene that 1s
associated with another important inherited arrbythmia syndrome,
catecholaminergic  polymomphic VI (CPVT). RFRZ s not
currently fully sequenced n available chimcal assays in the UK:
testingg is limited to “hotspot”™ exons (UK Genetic Testing
MNetwork,  hitp:/ /S www ukgin nhsuk/,  accessed 19" February
20013). A combined assay for LOT & CPVT allows for higher
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Variants Positive predictive
False positives missed Sensitvity walue
0 100% 938%
0 100% 1009
o 1009 85.9%
(98.0-100) (90.5-98.6)
0 100% 960
1 97.1% 94.4%
1 99.1% 85.5%
(95.7-99.9) (90.3-98.2)

Table 6. Accuracy of variant calling for NGS platforms.
Total coding Varlant sites Varlants
variants interrogated detected

Miseq

Group | Al &0 &0

Group 1 ® 13 Et)

Total 107 a3 a3

PGM

Group | 7 71 n

Group 1 ® 35 ET}

Total 107 106 105

dol:101371 Journ al pone 00677441006

assay throughput with reduced cost, and s sensible gen the
phenotypic similanty, the small but important number of £¥R2
mutations reported in “genotype-negative” LOT cases [38), and
the vahie of comprehensive genetic testing in molecular autopsy.

In conclusion, we compared two NGS platforms for diagnostic
sequencing. Whilst we do not recommend one platform over
another, both are mature technologies for clinical application, with
the potental to increase avalability of molecolar diagnostics in
Line with natonal and mtemational recommendations. Perfor-
mance i promising, though sequence-context and  platform-
specific biases will influence diagnostic strategies for some genes.
Clinical labs should report the coverage of each gene interrogated
by such an assay and e comventional methods to cover missed
regrons and to valdate climically actionable findimgs. The fnal
choice of platforms is likely to be govemned largely by cost and

usability.

Accession Numbers

Sequence data has been submitted to the Enropean Nudeobde
Archive, accession number ERPO0Z466.

Supporting Information

File 51 ComparisonMiSeq PGM supplementary.docx
includes six fisures and two tables. Figure 51. Charac-
teristics of target capiure design: GC content and lengih
of Access Array IFC amplicons. a Amplicon GO content
approximates to a normmal disributdon 53032114 (%), <7%
amplicons have extreme [(>70% or <30%) GO-content. b
Amplicon length (range: 653 bp to 403 bp, median 190 bp and
mean 1B3239): B5% have a length <200 bp; 98% amplicons
have sequence length <240 bp. We used optimised Flindigm
capture to prepare library for lumina and lon Torrent platiorms

see methods). 386 amplcons, with a combined length  of

71,915 bp, are gled over 47 660 bp of target sequence, of wioch
27049 bp 5 prowin coding. Figure 52, Base guality
distributions. Sequencing base qualities before (left) and after
(right) rimming and QO from (@) MiSeq. (b.) lon Toment PGM.
The base quality distribution (boxplot at each bar) 5 plotting
against position m the read; the sobd-line curve mdicates the
average base quality. Reads from Ion Torrent PGM have better
base quality at 3 end as compared to the mw reads generated by
Miseq. Figure S3.Readlength distribution. The read length
from MiSeq (a) vary from 20 to 135 bp, with average 115 bp 226

PLOS OME | wwne.plosone.org

Group |: dHPLE with Sanger confirmation; Group |k direct Sanger ssquendng 5% confidence intervals are given for sensitivity and positive predictive value

and median 127 bp; lon Torrent PGM produced up to 267 bp
reads (b), with average 106 bpX57 and median 102 bp. Figure
54. Coverage of target genes. Here we show the percentage of
each target gene that = covered at = x sequencing depth,
calculated as a mean across all samples. The lower panels show the
same data, with a larger scale on the x-axis. On the PGM, two
genes (KCNQD & KCHNZ) show a sharp drop-off in coverage,
suggesting that some regions are difficult to robustly sequence. On
the MiSeq, KCNE] and KCNE2 also showed significant drop-off.
Figure 55. Sequencing coverage of target genes. Sequenc-
ing depth i plotted for each coding base of the six target genes, on
a logyg scale. Depth s calculated as a mean across 15 samples.
Regions covered by a single read are therefore plotted at the
origin, and regions of zero coverage have a negative deflecion on
the yaxis. (GO content {calculated with a 50 bp sliding window on
the genomic DNA forward strand) is overlad in blue. Plus (+) or
minus (<) indicates the strand on which each gene is encoded.
While some regions are cleary problematic for both platorms (e.g.
KONQI exon 2, KCNH2 exons 1 & 12), there are also regions
where one platform performs better (e KCNE], KONEZ,
KONH? exon 4). Figure 86. The relationship between GC
content and coverage. Sequencing depth (log, o scale) for each
exon is plotted agamst its GO comtent. The coefficient of vanation
is larger for MiSeq than for lon Tormrent PGM (0931 w. 0.407).
Loess regression s shown mn red. MiSeq performance appears
more variable across the GO range, whereas Ion Torrent
perdormance falls off at high GO values, perhaps bhecause of the
additonal emulsion PCR. Table 51. Barcode indexes and
Ion Torrent specific adapters. Primers used for lon Torrent
PGM barcoded library prep, with index sequences highlighted.
Fach amplicon i inserted into the complex in both onenta-
tions:  A-adaptor_Barcode_CommonSequence |_Amplicon_Com-
monSequence?_Pl-adaptor; A-adaptor_Barcode_Common Se-
quence2_Amplicon_CommonSequence] _Pl-adaptor. Table 82,
Detected variant information. LRG=Locus Reference
Genomoe; Chr = Chromosome: Ref=reference allele; Alt = Alter-
native allele; P=Varants mewealed by PGM:; M= sariants
revealed by Miseq; Highlighted indicates the SNP was missed by
both platforms. MNote: All varants appearmg mothis table were
confirmed by Sanger DNA sequencing analysis.
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4. Zavér

Navzdory velkym nadéjim, které vyvolalo dokonceni sekvenace lidského genomu pred
vice nez 10 lety, ziistava naSe chapani genetického pozadi patofyziologickych procesii velmi
omezené. Ukazuje se, Ze architektura genomu neni linearni a Ze stejné sekvence slouzi nejen
jako ptedloha pro transkripci ale téz jako regulacni oblasti. Alely ovliviiujici riziko ndhlé
srdec¢ni smrti tak mohou byt pfitomny také v tzv. nekodujicich oblastech genomu (24).
Identifikace takovych alel bude ukolem pro tzv. ,,genome-wide association* studie a také pro
pfichazejici technologie masové DNA sekvenace. Jakykoli budouci geneticky screening
vyuzitelny pro rizikovou stratifikaci nahlé srde¢ni smrti by mé¢l zahrnovat hodnoceni velkého

poctu genomickych variant vSech oblasti relevantnich pro riziko arytmii.
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